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PREFACE 


This book represents a compilation of the material 
embodied in several addresses which I have had occasion 
to deliver on various occasions ; and in particular, it corre- 
sponds closely to a course of lectures on the Philosophy 
of Physics given at Ohio State University during the sum- 
mer of 1932. It is intended primarily for the educated 
layman who has no special knowledge of physics or mathe- 
matics, but is nevertheless interested in the broad features 
of the design of the physical world and particularly in the 
significance of man’s endeavor to understand that design. 
However, it is hoped that the book will also be found of 
some value to those who possess some technical knowledge 
of the subject, but who have not had occasion or oppor- 
tunity to meditate extensively upon the underlying philo- 
sophical principles involved. 

With the purpose already described in view, it has 
naturally been necessary to refrain from pursuing the trend 
of thought into realms of detail where the technicalities 
of mathematical reasoning become a necessary accompani- 
ment to the story. Nevertheless, while avoiding almost 
entirely the use of mathematical symbolism, I have not 
attempted to avoid the discussion of mathematical ideas. 
Many people are inclined to take flight directly they sus- 
pect that a mathematical symbol is discernible on the 
horizon, and long before they have encoimtered any real 
difficulty. This is, in my judgment, a mistake. The 
mathematical ideas, apart from symbolism, are the things 
which count for much in our understanding of the physical 
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world ; and, I believe that the educated layman is perfectly 
capable of comprehending many of the broad outlines of 
mathematical reasoning, although he might be floored 
completely by the technicalities of an accompanying 
mathematical symbolism. Indeed, I would rather talk 
about the theory of relativity, for example, to a good 
lawyer or a good clergyman than I would talk about it 
to a bad physicist. I cannot escape the belief that a 
great deal of the confusion which is frequently left in the 
mind of the layman after reading a popular presentation 
of sdme of the more abstruse branches of natural philos- 
ophy, is a result of the accompaniment of the necessary 
elimination of mathematical symbolism by an unnecessary 
subjugation of the philosophical and mathematical ideas, 
which he may be quite capable of understanding, to a 
degree of naivete inappropriate to his powers of reasoning. 
The consequence is that he is left as unsatisfied with the 
argument as the trained physicist would be, but has not the 
advantage of knowing to what extent the apparent naivetes 
are fundamental. The situation is something like that 
encountered in contemplating a great architectural struc- 
ture. It is possible to comprehend the general lines of 
the structure without that technical knowledge of the 
methods of mixing cement necessary for the builder. 
Of course, the architect who designs the building must 
know something about the properties of cement in order 
that he may collaborate properly with the builder; and, 
indeed, the artist who merely studies the building will 
get a more complete understanding of its detailed signifi- 
cance if he also understands something about the techni- 
calities of its construction. Such information is not as 
essential to the artist as it is to the architect or builder, 
however. 

Chapters I to IV inclusive should present no difficulty 
to any educated reader. Chapter V should also be com- 
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prehensible. Any difficulty encountered with respect to 
it will arise not so much from difficulty inherent in the 
subject matter itself as in possible lack of familiarity with 
the many fields in which it has fundamental bearing. 
Such lack results naturally in a loss in the stimulus to 
thought which would otherwise be provided by a realiza- 
tion of the beauty and power of this branch of physics 
in its many applications in nature. A person may under- 
stand the form and purpose of the parts of a violin; but 
the instrument will naturally have much more significance 
to him if he also hears it played frequently. 

Chapters VI and XI and XII should give no trouble. 
The chief difficulties will probably be encountered in 
Chapters VII to X inclusive. In some places it has been 
necessary to introduce a little algebra and geometry, 
but no more than the barest elements of what is usually 
presumed to be known by almost everybody. My counsel 
to those who have difficulty with these chapters is to struggle 
with them in spite thereof; for, I venture to think that 
a little careful effort to understand them wiU be well repaid 
by the enlargement of the reader’s horizon with respect 
to a wide field in the meaning of physical and mathematical 
thought. 

Finally, I wish to acknowledge the courtesy of the editors 
of several scientific journals, in permitting me to use material 
and illustrations which I have formerly published in those 
journals. In particular, I am indebted to the editors of the 
Journal of the Franklin Institute and of Science. 


March i, 1934 


W. F. G. S. 
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Chapter I 

Mediaeval and Modern Dogmas in Natural 
Philosophy 

If the period from the dawn of history be shrunk into a 
day, w'e shall find that the first twenty-three hours of that 
day are barren as far as natural philosophy is concerned; 
for, it is only in the last hour that science was born ; and, 
even as the human child develops in its struggle towards 
manhood, so this child of nature, born to a civilization six- 
thousand years old, has grown, and with such ever increasing 
strength that, in the last ten minutes of its existence, in the 
last thirty-five years of actual time, — it has outshone all 
the achievements of its youth and adolescence and has torn 
from nature more of her secrets than she had vouchsafed to 
man in the whole previous history of his existence. 

And why has this great revelation been so long delayed? 
Has the philosopher stumbled upon some key which has 
solved the cipher in whose disguise the story of nature’s 
ways were hidden? Has the brain of man known some 
great change from what it was a thousand, or even a hundred 
years ago ? 

Three thousand years ago there died in Egypt a king. 
He was buried with much pomp and ceremony and in the 
company of such material things as reflected the atmosphere 
of his time. After thirty centuries, untouched except for 
the minor vandalism of robbers, these relics speak to us the 
story of an age which has passed. They tell us of a skill in 
craftsmanship equal to our own, of a beauty in art and in 
concept of design such as wins the admiration of our most 
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famous artists ; and, in reading the evidence of a little act 
here and a little thought there, we begin to see a people 
such as we might well have known as friends — a people 
of whom who can say that if one of them were born today 
and raised with our children, he would be in any way dis- 
tinguishable from one of us. Yet, neither in the age that 
knew Tutankhamun, nor in any of the ancient civilizations 
that have gone before or after, do we find even a shadow of 
a concept of that great scheme of nature’s laws which has 
unfolded itself so unsparingly in our generation. 

No ! It is not to some change in the instincts or brain of 
man that we must look for the revelations in natural phi- 
losophy denied to the philosophers of old, but rather to the 
more purposeful use which man has learned to make of his 
intelligence in his endeavours to solve the riddle of the 
universe. 

Fundamental Causes. It has always been one of the 
alluring games of mankind to speculate upon the why 
and wherefore of this universe of ours — to seek the ex- 
planation of things — the fundamental cause of it all. The 
desire of the thinker has always been to go back in his reason- 
ing to some fundamental starting point which seems to him 
to require no justification for itself, but which is to be re- 
garded as self-evident. And of all the elusive things in 
natural philosophy, of aU the will-o’-the-wisps of science, 
none have been more elusive as to their significance and 
content than these “fundamental causes.” The dogmas 
of theology have provided a plenteousness, if not a fruitful 
field of fundamental causes. In the mediaeval school of 
thought, the sun went around the earth because it was 
carried by angels. If some inquiring mind had raised the 
question of why the angels wanted to carry the sun around 
the earth, the probable answer would have been to the 
efiect that “that was not for us to inquire into.” Now, 
strange as it may seem, it is not the decree forbidding us to 
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inquire into the authority of the angels which causes trouble, 
but rather the ineflfectiveness of the postulate itself. If 
something were known about the habits of angels which 
would enable us to conclude that they would carry the 
planets around in ovals of the right shape — if there were 
something characteristic of their actions which would ac- 
count for the known simple relation between the distances 
of the planets from the sun and the speeds at which they 
travel — if from the activities of angels we could predict 
when eclipses would occur, when comets would return, and 
a hundred other things, then, the h3q)othesis of angels would 
be a very useful one in science, even though we were for- 
bidden to inquire as to the origin of the angels themselves. 
The trouble about the angels, however, is that they provide 
nothing but a spectacle. They simply join in the dance of 
the planets without adding any meaning to it. But the 
theological doctrines of ancient philosophy were not the 
sole offenders in the matter of participation in the drama 
of nature without the possession of working content. Thus, 
in arguing against Galileo’s discovery of the satellites of 
Jupiter, a Florentine astronomer of eminence, Francesco 
Sizzi, expressed himself thus : * 

“There are seven windows in the head, two nostrils, two 
eyes, two ears, and a mouth ; so, in the heavens there are 
two favorable stars, two unpropitious, two luminaries, and 
Mercury alone undecided and indifferent. From which, 
and many other similar phenomena of nature, such as the 
seven metals, etc., which it were tedious to enumerate, we 
gather that the number of planets is necessarily seven. 

“Moreover, the satellites are invisible to the naked eye, 
and therefore can have no influence on the earth, and there- 
fore are useless, and therefore do not exist. 

“Besides, the Jews and other ancient nations, as well as 
modern Europeans, have adopted the division of the week 
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into seven days, and have named them from the seven 
planets; now, if we increase the number of the planets 
this whole system falls to the ground.” ’ 

Now we must not laugh too readily at our long-deceased 
colleague, Francesco Sizzi. He was probably no fool. If 
he were born in our day, and of the 
made of three hundred 
would attain 
outstanding : 

better than that of the'" angels, 


same stuff as he was 
years ago, it is probable that he 
. eminence as an astronomer and would be an 
man among us. His h^othesis was a little 
_ 5- It is true that there are 
seven openings in the head, seven days in the week, and so 
forth ; and, by taking these examples of the supposed po- 
tency of the number seven, he did what we all do today. 
He generalized the idea to apply to another field. As a 
matter of fact, he might have carried the story of his sevens 
a little further : and, if he had known that there were chemi- 
cal elements, and had predicted something about the re- 
occurrence of their properties after periods of seven, when 
arranged in order of their atomic weights, he might have 
hit upon a truth there also. 

Even today, when indulging in the favorite pastime of 
baiting the physicist on the matter of the logical soundness 
0 his arguments, I have heard a pure mathematician illus- 
trate the reasoning of his humbler colleague by citing the 
argument of the enthusiastic gentlemen who set out to prove 
that sixty is divisible by all numbers. Sixty is, of course, 
dmsible by unity. It is divisible by two, three, four, five 
and SIX. Already that is a more extensive test than most 
physicists make of any law which their experiments reveal. 
But, our friend wishes to be very careful. He thinlrc; that 
ms success so far may have resulted from all the numbers 
one to six, being near together, so he makes a jump and 
tries ten. Agam it works. He skips one and tries twelve. 
Success agam. He_ skips two and tries fifteen. Right 
again. He now decides to dve a terriblv 
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doubles the fifteen and tries again. Lo and behold ! The 
thing works again ; and some of us shudder at the thought 
of the “tu quoque” if we object to his concluding emphati- 
cally that all numbers divide into sixty. 

But to return to Francesco Sizzi. The troubles about 
his notions were two-fold. In the first place, it turned out 
that the observations of Galileo were correct, for there are 
satellites to Jupiter. Thus the notion of Francesco was 
wrong. That is definite, but dignified and non-irritating. 
Were that all, the notion might be relegated to the realm of 
respectable “lost causes,” with the number “seven” re- 
spectfully interred with a monument on top to tell what 
had been its hopes and ambitions had it not suffered a cruel 
clash with nature so early in its career. When we dig down 
into the reasons why we are constrained to laugh at Sizzi, 
I think we shall find that the reason is the same as that which 
makes us laugh at any pompous statement which does not 
lead an3rwhere — any collocation of vain words which merely 
fill the ah with sound to drive out thought, any species of 
oratory which contains only a power to say nothing with 
force and conviction. Even if the statement about the 
seven planets had been true, the matter ended there. It 
held no further richness. It had nothing to say as to how 
the planets moved, no power to take the keynote of the 
universe and play the complete symphony of the heavens. 
Had it said something about these matters, even though its 
story had been wrong, we could have forgiven it ; but empti- 
ness of content of statement in science can never be forgiven. 
It is better to be definite and wrong than so indefinite that 
there is no means to say whether one is right or wrong. 
That claim not unknown in the affairs of men, a claim to 
profundity acquired from a dignified avoidance of ever 
saying anything, is not one which can hold water in science. 
So it is not on the mere appeal to the properties of numbers 
that we shall laugh at the departed Sizzi; for, as we shall 
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see later, some of the most important of modern atomic 
theories really make use of the properties of numbers to 
tell the story of the atom ; and they do so in a manner which 
from some standpoints is as artificial as the beliefs of Fran- 
cesco Sizzi ; but, they have an excuse for their existence in 
that they tell a story rich in content and, in large measure, 
true to nature. 

Hypothesis in Physics. Hypotheses, or dogmas, we have 
in plenty in modem physics, but they differ from the dogmas 
of the ancients not so much in the matter of what that stand- 
ard of conventionality in wisdom, the so-called '‘man in the 
street,” would call artificiality, as in being founded with an 
idea to harmony with nature herself. In a sense, we may 
say that the choice of a hypothesis or set of hypotheses 
represents no more than an attempt to single out and ex- 
press that part of nature’s scheme, if there be such a part, 
which is the keynote to all the rest. Thus, Newton’s great 
law of gravitation may be summed up as regards its essen- 
tials for astronomy in the statement that a planet in empty 
space would move in a straight line with a constant velocity, 
while when in the vicinity of the sun, for example, it moves 
otherwise and in a manner which can be described as fol- 
lows : Starting with the planet in some position and moving 
in some definite direction with a definite velocity, its motion 
will proceed to depart from that direction and velocity in 
such a manner that, at each instant, it experiences a change 
in velocity in the line joinmg it to the sun at that instant, 
the change of velocity per second being proportional to the 
inverse square of the distance of the planet from the sun. 
In other words, the motion is such that when the planet is, 
say, fifty million miles from the sun the rate of change of 
velocity in question is four times what it is when the planet 
is a hundred million miles from the sun. Now it does not 
matter very much whether the reader understands this 
statement in detail or not. All that I wish to emphasize is 
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that one definite and comparatively simple statement has 
been made about the planetary motions, one hypothesis, 
and, this statement contains as a consequence all the possi- 
bilities inherent in the motions of the planets. The three 
laws of Kepler are contained in it. It will be recalled that 
the first of these laws states that a planet moves in an ellipse 
with the sun at a certain characteristic point inside the 
ellipse, a point known to mathematicians as the focus. The 
second law states that the planet so adjusts its velocity in 
its orbit that the line joining it to the sun sweeps out equal 
areas per second at all parts of the orbit. When the planet 
is near to the sun it moves rapidly while when it is far away 
it moves slowly. In the former case the line joining the 
planet to the sun is short and in the latter case it is long ; 
but the greater velocity in the case of the shorter line ac- 
counts for the areas swept out by the Imes m the two cases 
being the same. The third of these laws states that if you 
consider two different planets in two different orbits, the 
times taken by the planets to describe their respective orbits 
are proportional to the average distance multiplied by the 
square root of that average distance from the sun. In 
other vrords, if two planets, A and B, have average distances 
36 million miles and 64 million miles from the sun, respec- 
tively, the times taken by A and B to describe their orbits 
will be in the ratio 36 X 6 to 64 X 8. 

The law of Newton enables us to calculate the orbits of 
the planets, the times of occurrence of eclipses, the times of 
return of comets j and, in its more detailed expression as 
given by Newton himself, it enables us to calculate the 
heights of the ocean’s tides, the wobbling of the earth’s axis 
and a hundred other things. The ancients would have re- 
quired a great many angels to look after these matters. 
Francesco Sizzi would have pumped his number seven dry 

long before he got a hundredth part of it. 

As to whether the law of Newton is true or not is a ques- 
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tion for experiments to decide, the test is as to whether it 
predicts the facts; and, the experience of the last three- 
hundred years has taught us that to all intents and purposes 
it does. The thing which I wish to emphasize about it, 
however, is that owing to the way in which it came into 
existence it could not help but fit the facts. It was chosen 
to fit the facts. The cleverness of the choice lies in having 
found such a relatively simple statement of the content of all 
the facts. It has been the aim of physics, and particularly 
of modem physics, to find in the form of simple state- 
ments drawn from the facts themselves, the keynote to 
all the other facts. First we try to do this for a limited 
field such as gravitation. Then we try to do it for some 
other limited field like optics, or electricity. Then we ex- 
tend our hopes towards a still richer harmonization by 
finding some statement of hypothesis, as simple as pos- 
sible, which shall include gravitation, optics and electricity 
in one frame. Our final aim and ambition is to include all 
the phenomena of nature in one unified picture of this 
kind. 

The Artificiality of Hypotheses. But you may well com- 
plain that this statement of Newton’s is a very cold-blooded 
mathematical statement, and carries no reason for its exist- 
ence. Andf you will continue to ask for a reason because 
the law, unlike that about the angels, is not relieved, on the 
basis of pure reverence, from the necessity of explaining its 
ancestry. It is true that the law seems cold-blooded. I 
do not know that it has any blood at all. In omitting the 
word “Force” in its expression as given in the books, I in- 
tentionally removed from its bare bones even the flesh Avhich 
it seemed to have, leaving nothing but the skeleton, in order 
that we might face, once and for all, this spectre in all its 
horrible nakedness. 

But, I hear you still calling for a reason. Very well, if 
you want a reason, I must ask you what sort of a reason is 
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likely to satisfy you ? You will probably feel that you want 
to know how the sun succeeds in producing its mysterious 
pulling action on the planet. I may suggest to you that 
possibly you would like to see the pull of the sun on the 
planet in the same sense that you see the pull of a piece of 
elastic on a stone which is tied to one end of it and then 
swung around in a circle with the other end of the elastic 
held in the hand. “Ah yes,” you say, “that is the kind of 
way in which I wish to visualize the pull of the sun.” Very 
well, I surmise that the Lord hath delivered you into mine 
hands ; for I shall ask you why a piece of elastic pulls. You 
will say, “Oh, of course, we do not know all about that; 
but, m a general way, we believe that the elastic is composed 
of a lot of little molecules, and when these are separated 
from each other by the pull, they tend to come together 
again.” “But,” I shall ask you, “why do they tend to 
come together again since they are separated?” “Well,” 
you will answer, “of course, when I said separated, I really 
did not mean entirely separated. We believe that between 
the molecules there is an all-pervading medium of some 
kind, a medium with elastic properties, and this draws the 
molecules together.” “But,” I shall ask you, “what do 
you mean by the medium having elastic properties?” 
“That it acts like a piece of elastic,” you will reply. “But 
why does the elastic pull” is my rejoinder. “Well,” say 
you, “because it is composed of a lot of little molecules, and 
when these are separated, . . . etc., etc.,” and so on ad 
infinitum. You see, all that even a successful appeal to the 
elastic idea about gravitation could do would be to show 
that this thing “gravitation” which we do not understand, 
acts in the same sort of way as that other thing about the 
elastic which we also do not understand, but tliinV we do. 
There is a sort of unification of ignorance in the matter. 
But this unif>dng of ignorance must not be despised. It 

constitutes much of the plan and purpose of physics. Thus, 
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we like to correlate the workings of the atom in our minds 
in such a way that it acts like a little solar system, or an 
electrical machine, or the ripples in a bowl of water — 
something which has become familiar to us in our everyday 
life, and with whose behavior we have come to be satisfied. 
We were happy about the elastic before we had grown to 
the age when we were compelled to think about it ; and by 
the time we had become old enough to think about it, it had 
become so familiar to us that we felt no necessity to think 
about it any further. The elastic was a god — the origin of 
all things — who himself needs no certificate as to his own 
origin. And so physics, like everything else, has its starting 
points, its postulates. And, the postulates of physics are 
its gods. Some of them seem artificial, as was the law of 
Newton. Some masquerade in a guise of reasonableness as 
does the elastic ; but, a reasonableness which evaporates in 
the sxmshine of more complete thought. The postulates 
of ancient and mediaeval thought usually had their birth 
in some idea as to the fitness of things originating quite 
apart from nature itself, as when the astronomers of three 
hundred years ago had decided that since the circle was the 
“perfection of symmetry ’’ the planets should move in circles 
about the earth; or, if not in circles, then in curves com- 
pounded out of circles, and had pushed this idea to breed 
complexity upon complexity until there must have been 
many who felt as did the sovereign of Castille, when he re- 
marked that “had the universe been fashioned thus, he 
could have given the deity good advice.” The great virtue 
of the postulates of modern science is that, as a rule they 
are chosen with an eye to nature herself rather than with an 
eye to nothing in particular followed by a determination 
somehow or other to force nature into them. 

It is in the difference of the postulates, the difference in 
om: conceptions of the “somewhere” from which we are 
willing to start, that is to be foimd the root of most of those 
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troubles in which one thinker will contend that the theory 
of some other is meaningless to him. Each individual or 
class of individuals is apt to have certain criteria (usually 
unconscious ones) which determine for him whether or not 
he will be satisfied with a certain t3^e of theory. If the 
theory starts from his own “somewhere” aU is well. Possi- 
bly he is content if it proceeds to discuss nature in terms of 
masses interacting with each other through an elastic me- 
dium. He will accept the elastic as his “ god,” the beginning 
of all things. If the elastic properties which it is necessary 
to attribute to the medium are very like those of water, he 
will be more than content. He will be happy. You may 
convince hhn that, in the sense in which he uses the word 
“understand” he does not understand the reason why water 
acts as it does. You may rob him of his philosophy, but 
you cannot rob him of his happiness. He will shrug his 
shoulders and say “You are talking metaphysics. We 
must start somewhere.” You may even get him to admit 
that he has no reason to be happy, but he will be happy all 
the same. Once he is happy, he stays that way, regardless 
of any attempt on your part to show him that he ought to 
be morose. If now you make some different starting point, 
a starting point which says that the orbits of the planets 
are the curves obtained by performing a certain mathemati- 
cal manipulation on a certain algebraical expression, or 
something equally abstruse, our friend will assert that your 
statement has no understandable significance. He will say 
it doesn’t mean anything. “What,” says he, “is the reason 
for starting there?” You may ask him what the signifi- 
cance was of starting where he started, and remind him of 
his confession that he could not justify it. As a last resort, 
he will then probably make that ultimate personal appeal 
to his own anatomy in assuring you that deep down in his 
very bones he feels that such and such is the case; and, 
beyond his bones he will not go. Alas ! I am informed by 
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anatomists that deep down in the bones there are no nerves, 
and that what is felt in them is an illusion. 

Now, he who would understand the point of view of the 
newer theories in physics need not get to the point of feeling 
in his bones that they are true ; but, he must get to feel in 
those bones that there was nothing to feelings which he for- 
merly had in his bones as to the fundamentality of the older 
views. In any one generation new discoveries bring the 
necessity of new points of view. To the age in which they 
are born they seem artificial. The new generation learns of 
the new facts with the old, however, and to it the new is no 
newer than the old. The new seems to it less unreasonable 
in comparison with the old ; and, even the older hypotheses 
themselves become stripped of part of their cloak of reason- 
ableness. The angels no longer satisfy as a means for trans- 
porting the planets. The attendance at the temples of the 
god “Elasticity” falls off, and we come to realize in time 
that the older points of view were themselves built up by 
analogy with the behavior of circumstances and things with 
which we had become familiar in our youth, and which had 
become ingrained in our consciousness as natural before we 
had reached the age at which we might question their 
necessity. Only by a humble attitude towards the sig- 
nificance of our own thoughts may we hope to fit them 
to the scheme of nature. For, be well assured that we 
shall never “understand” until we have decided with our- 
selves the sense in which understanding is to have meaning 
to us. 

No generation passes through a great development in 
thought without feeling the birth pangs of the new philoso- 
phy. The older concepts are strained to their limits to 
include the new facts. The “elastic” of our older medita- 
tions is endowed with new properties to enhance its possi- 
bilities. With reluctance, the masses of bodies are allowed 
to vary with their velocities. The very substantiality of 


Dogmas in Natural Philosophy 


13 


“stuff” is challenged ; and so, as the development proceeds, 
the mechanism of our thought becomes strained more and 
more until finally it breaks, and our old gods are forsaken. 
And when it breaks, we are apt to run a little wild for a 
time. The whole realm of h3ipotheses and speculation is 
open to us. No longer are there any restraints; and, for a 
time, while order is being re-established, we long for the 
mental discipline of the past. Even as a disturbed soul 
seeks comfort in some church or creed, so we seize on little 
dogmas here and there: the theory of relativity on one 
hand ; thermod5mamics on the other hand — something 
which, at any rate in some small degree, will look after our 
intellectual morals while we proceed to dine of all the fruits 
which were forbidden to us in the past and piece together 
the architecture of our thoughts into a form becoming to our 
new philosophy. 

In this growth there are many who view with disfavor the 
changes of their time. Their bones do not tingle in response 
to the new ideas. Even the radicals of the science of the 
days gone by are apt to become extremely conservative in 
their own radicalism. Those who have grown old in build- 
ing the framework of thought in whose setting so much of 
nature has been revealed in the science of the past hesitate 
to tamper with that frame. Bold, even radical, in their 
youth, they become conservative with age ; and, as a great 
statesman stands in awe of the constitution he hhnself has 
helped to build, fearful that the slightest change may bring 
dire results, so even the giants of science become timid in 
speculation, and when the universe throws out more of its 
secrets, it is often to genius in its youth that the world must 
turn to decipher the harmonies in the new composition, to 
mould them with each other and with the past so that the 
structure may stand not as a bizarre and formless mass of 
facts, but as a new symphony in the realm of all nature’s 
beauties. 
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The Power of Mathematical Physics. And so we come to 
a justification for the existence of that often much maligned 
being, the mathematical physicist, whom I have heard 
defined as “one who obtains much prestige from the physi- 
cists bedause they are impressed with the amount of mathe- 
matics that he knows, and much prestige from the mathe- 
maticians, because they are impressed with the amount of 
physics that he knows.” 

The day is not long past when any kind of a physicist 
had to travel far among la3mien to find someone who knew 
what he was doing. He would occasionally be questioned 
by some soulful young being with a thirst for knowledge 
and the higher things of life, and the questioning would run 
something like this : “I suppose you look at bugs under a 
microscope ” (and she would have a way of looking at him 
suggestive of a sort of feeling that he was a personal friend 
of the bugs). When he informed her that he did not often 
do that kind of thing, she would remark, “Oh, then you 
invent things. Do tell me about your inventions. What 
are you inventing now?” He would proceed to explain to 
her that, in the ordinary sense of the words, he did not “in- 
vent things.” What he did was to “ investigate the laws of 
nature, extend the horizon of knowledge, widen the bound- 
aries of learning for the good of mankind,” and so forth and 
so on. And while he was saying all this, he would find her 
looking at him with a puzzled expression suggestive of a 
suspicion that he did not do anything which amounted to 
anything at all, and that he was just a great big bluff trying 
to set up an excuse for his existence. And, sensing this, our 
poor physicist would start to get embarrassed, commence 
to talk in a wild and random manner, get all mixed up, and 
make a fool of himself. 

The t3rpe of discovery in which someone finds a new ex- 
plosive or a new process which revolutionizes some industry 
over night is well known, but how, in a few words, can I 
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explain the general purpose of the mathematical physicist 
to one who would emphasize, above all things, the utili- 
tarian point of view? Let me try : 

Suppose that I should go into a new country, with whose 
laws I was unfamiliar. I should proceed to violate the traf- 
fic regulations and get locked up. I should seek to buy a 
house; and, in the course of this transaction should make 
many mistakes, until finally I muddled my way through to 
its completion. I should seek to raise a loan, and should 
encounter many embarrassing and time-wasting considera- 
tions. And then, perchance, I might sit down and say to 
myself, “ It is about time that I started to find out what the 
laws of this country are.” Suppose that the situation were 
such that I could not inquire as to this matter from the 
citizens of the country, but was compelled to find out for 
myself. On the basis of my experience gained in being 
arrested for speeding, in buying a house, and in a dozen 
other things, I might formulate for that country some sys- 
tem of laws which would serve to correlate those things 
which had happened to me. Naturally, I should formulate 
them with a little greater generality than served to account 
for my own particular experiences. Because I was arrested 
for driving at fifty-one and a half miles an hour, I should 
not formulate a law which made that speed alone and no 
other sufier the penalty. I should talk with other people who 
were in jail, and who looked as though they were there on 
account of speeding and should find that not the speed alone, 
but also the state of intoxication while driving determined 
the fine. Or, it might even occur to me to supplement the 
law with this condition concerning intoxication quite apart 
from the fact that any one of my jail mates admitted in- 
toxication. I might find one fine-looking fellow who was 
deprived of his freedom for five days for going fifty miles 
per hour, and another bleary-eyed individual who had re- 
ceived a sentence of ninety days for driving at forty-five, and 
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I should draw my own conclusions. And then, the laws 
which I formulated primarily to fit the facts of my own ex 
penence, would suggest other things which might be true 
They might suggest that prohibition would be likely to exist 
m the country, or that smoking was prohibited, or possibly 
required; and, if the scheme of laws was well chosen if the 
theory I had formulated was a good one, it would not lead 
ine into error in these speculations. There is a very good 
c ance that if I had pinned it down to known facts at the 
places where I knew those facts, it would be faithful to me 
and tell no false story at other places where I asked infor- 
mation of It. The situation is something like this : Suppose 
1 encounter a mountainous region on the ocean’s bed and 
decide to make soundings. I shall not make an infinite 
number' of soundings, but with the finite number that I do 
make, I rnay construct a surface which has a very good 
chance of following the contour of the ocean bed. Indeed 
after I arn suflSciently experienced at the game of studying 
ocean beds, I may become successful in making a guess at 
the whole form of the bed from the character of the relation- 
ships between only a few soundings. This will be particu- 
larly so if there is some characteristic feature which is com- 
mon to all ocean beds. If I am the kind of individual whose 
mind IS so arranged that I am particularly clever at smelling 
out consciously or unconsciously, the general characteristic 
features in question from an examination of a few soundings, 
shall be what you would call a genius at the job; and 
then of course, my predictions wiU be very interesting 
because the ocean bed which I construct m^y have vej 
remarkable features at places other than those at which 
soundmgs have been made; and, if I am correct in my 

thosTnlp^ be weU worth while to make soundings at 
Aose places and discover those remarkable features which 

pre^nce^""^ unnoticed had I not suggested their 
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And so to return to the story of my supposed search for 
the laws of the new country, I might use the scheme of laws 
which I have evolved in my mind; and, even though it 
might be in error in minor details, it would be of good value 
to me in enabling me to develop the resources of the country 
which were available to me. I should have a much greater 
sensitivity to the way in which things happened than when 
my whole experience was confined to the few isolated in- 
stances I cited at the outset. And, as a result of this greater 
familiarity, and of the power which it put into my hands 
there might, in the course of five, ten, or fifteen years, arise 
in that country, telephones, railroads, huge factories, and 
many other things whose birth would in all verity have been 
regarded as a miracle had they been created in a day. Yet 
these things would actually grow in such a manner that 
there would be no particular day on which anyone could go 
to bed at the end thereof to awake in the morning and find 
things appreciably different from what they were the day 
before. It is in some such sense as I have endeavored to 
picture here that a great generalization, a great theory, in 
mathematical physics can unobtrusively serve a great pur- 
pose even in the so-called utilitarian fields of science. Ah 
yes, I think I hear your thoughts. You have your picture 
of that dreamer in philosophy who walks the earth in ab- 
stract manner and in whose mental meanderings you sus- 
pect there is very little having to do with the practical things 
of life. It is quite true, I will not set up for him the excuse 
that he is working primarily to speed further the headlong 
rush of life. For himself he is one of the poets of science, 
or if you will, a harmonist of the universe ; and, in welding 
into consistency the various parts of nature’s structure, he 
is as a musician who takes a tune which before we knew only 
as a waltz, a melody which we knew only as a song, and a 
theme which we knew only as a military march, and welds 
them as part of a grander structure, the symphony of the 
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universe. Sometimes the composition is not the one which 
the creator has played ; but, even then you must not be too 
hard on our poor dreamer, for the fruits of even his visions 
occasionally yield oil to ease the ways of material progress, 
and you must at least allow him the pleasure of his art as 
payment for what he can claim as of practical worth. 

The search for truth does not often follow paths which 
can be mapped out in advance, and discoveries in science 
are frequently the result of the operation of the unorganized 
parts of man’s activities. In some respects, our mathemat- 
ical physicist is like a Dr. Jekyll and Mr. Hyde. Or, let 
me perhaps liken him to two distinct animals. Ahead 
there travels a dog, with a keen scent and not over-critical 
capacity, who pokes his nose into every bit of intellectual 
garbage he can find on the wayside. He picks up the bones 
of bye-gone philosophies to see what content they may still 
have. He ferrets out from every conceivable place new 
morsels which no dog has ever chewed before and gnaws out 
as much of their content as he can. And behind the dog 
there walks, clad in the most conventional apparel, a calm 
and dignified gentleman, who views very critically every- 
thing that the dog picks up, makes him put it down again 
if it is found wanting, but pockets it in his immaculate coat 
if it is of worth. It is not to be forgotten, however, that it 
is usually the dog who fiands the bone. The dog’s name is 
Intuition, and his master’s name is Precise Thought. Or 
to leave the language of parables, it is true to say that the 
feelings and intuitions which come to us subconsciously in 
spelling out new truths are often crude in their form and 
illogical in detail, but they are often significant of a very 
solid truth of some kind which lies embedded in them. It 
is intuition which smells them out — intuition that unborn 
embryo, begotten of the experiences of the past, vaguely 
conscious in its new-found life of the realms of the future. 

So far, we have discussed only that aspect of mathematical 
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thought which is concerned with the creation of new theories 
— of new pictures of the universe. There are other aspects 
which must not be lost sight of, however. One function of 
mathematics is to save us from the trouble of thinking. I 
can almost hear the wrathful voice of some freshman who 
has just read the foregoing sentence, and with a diminutive 
expletive rhyming with his “ire” is consigning the author to 
the company of Ananias. Let me justify my point by a 
couple of examples illustrating different aspects of this 
question. 

Suppose I tell you that a train travels at a uniform speed 
of six miles in three hours, and ask the distance travelled 
per hour. The answer is very easy — two miles per hour. 
You can work it out in your head without any mathematics, 
and, if I proceed to write 5 for the distance, t for the time, 
and V for the velocity in miles per hour, and then, after 
writing 

V — S / 1 

I proceed to substitute 6 for S, 3 for t, and work out v, you 
will dub me a simpleton for making so much trouble about 
the matter. Suppose I take another problem, however. I 
tell you that the train travels at fifty miles per hour and ask 
the time taken to go a hundred and fifty miles. Again you 
will not have much diSiculty in arriving at a result without 
using any algebra. However, I think you will find a little 
more mental strain than in the former case. Why? Well, 
suppose we work the problem out by algebra. Starting 

with V — we write vt = 5 and then i = By putting 

S = 150 and V = 50 we find ^ = 3 quite readily without any 

S 

thinking at all. When we went from » = j to = 5 , there 

t 

was one simple thought • — the thought that if equals are 
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multiplied by equals the results are equal. Then when we 

divided both sides of d/ = 5 by » to get t = — , there was 

another simple thought — the thought that if equals be 
divided by equals the quotients are equal. Now, when we 
worked the problem out in our head without the algebra, 
we really went through the mental process of thinking both 
of these simple thoughts at once, and that was what caused 
the mental strain. To think one simple thing at a time is 
easy. To think two simple things at a time is a little more 
difficult. To think five simple things at a time is enough 
to tax the most mighty intellect. And so the algebraical 

S S 

process of going from » = - to ^ = - via = 5 is one which 

enables us to proceed by thinking only one easy thing at a 
time. Having as it were, standardized this little group of 

thoughts we deduce the results of it more or less mechani- 

c 

cally. Starting with it = y we simply take the t to the left- 

t 

hand side and put v in the denominator of the right, obtain- 

ing t = —• We don’t think about all this each time. Our 

thinking has been done once for all. Our little offspring of 
a few simple thoughts exists as a thing in itself. We do 
not have to justify its existence each time, but can use our 
brains for something else. And so, a large part of the most 
complicated mathematical manipulation consists in proceed- 
ing step by step to prove little theorems, little complex off- 
springs of simple thoughts, and then using these little the- 
orems to arrive at more and more complex theorems, which, 
while they are in the last analysis nothing more than the 
result of a lot of single thoughts, each so simple that a child 
could comprehend it, produce nevertheless in the aggregate 
a result which no brain could see at a glance. It is these 
little theorems — the offspring of simple thoughts — which, 
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when once established, may be taken for granted, it is these 
theorems which constitute the savers of mental effort in 
mathematical reasoning and justify my statement to the 
effect that mathematics exists to a large extent to save us 
from the trouble of thinking too much. 

Then, there is another aspect which I shall illustrate by 
contemplating the problem of a ball thrown upwards with 
an initial velocity of loo feet per second, the question asked 
being the time at which it will be found 20 feet above the 
ground. We shall suppose that we have been told that in 
its ascent the ball loses speed at the rate of 32 feet per second 
in each second. The picture presented to our minds is that 
of the ball rising in space. We contemplate the idea of its 
passing through a point 20 feet above the grormd and think 
of the time at which it was there. When we work out the 
result, however, we find two times, and we begin to wonder 
why. And then it comes to our mind that “of course” 
the ball will pass through the 20 foot point, ascend until it 
comes to rest and then descend, to pass once more through 
the 20 foot level. We had forgotten that second occurrence 
but the mathematics could not forget it. And so we come 
to this other very valuable feature of mathematical reason- 
ing, the power to bring out all of the consequences of what 
we put into the mathematics. And, very often when the 
mathematics has shown us something which we had for- 
gotten, that extra fact so enlightens the meaning of the 
others that the whole picture stands out without the mathe- 
matics. The mathematics cannot make discoveries for us, 
but it can point out in an uncanny way the meaning of the 
discoveries we submit to it for examination. 

The Irrelevance of the Obvious. I can well imagine some 
student whom I had asked to work out the foregoing prob- 
lem about the ball, coming to me with the complaint that 
I have not given him enough information. I ask him what 
further information he desires. He teUs me he would like 
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to know the color of the ball. I tell him that the color does 
not matter. But he may not like that, because some of the 
reality of the ball has vanished from his vision with the 
color. He asks me for the weight of the ball, and I tell him 
that doesn’t matter either ; and, I add to his troubles by 
telling him that I will withdraw even my remark that it was 
a ball, and leave its shape indefinite. Then, if he is over- 
materialistically minded he will explode entirely and de- 
mand to know how he is to work out any problem about 
the body if I won’t tell him its color, shape or mass. There 
is nothing left for him to think about, and he may well 
claim that it is difficult for the human mind to think at all 
imless it has something to think about. Well, to please 
him, I tell him the body is red, weighs ten poimds and is 
really a nice round ball. Now he is happy. He takes his 
paper and pencil, draws the round ball, puts a lo inside it, 
paints it red in his mind’s eye, and works out the problem. 
When he brings me the result, I inquire at what point the 
redness of the ball came into his calculations. He looks 
through them and finds it didn’t come in at all. The result 
would have been the same for a blue ball. Then I ask him 
where the lo pounds came in. He looks again and finds he 
did not use it; or, if he did, it cancelled out, so that the 
result would have been the same for a fifty pound ball. 
Finally, I ask him where the roundness came in, and he 
finds he did not use that at all. So I say to him, “Don’t 
ask me for a lot of unnecessary things again.” But I think 
I hear you sympathizing with the poor student. “ What 
harm” you say, “did the redness of the ball do? Why did 
he sin m thinking it was ten pounds in weight and that it was 
round, if after all, these things did not matter?” Well, 
I agree, in this particular case the redness did no harm. 
But I suspect that if I let the student think the ball is red 
he will come to me some day with some ideas founded purely 
upon the redness of the ball. He will be troubled because 
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he will want some other ball to do the same sort of thing 
that this ball did, and will be unable to satisfy himself be- 
cause, perchance, the second ball is blue. Then, I shall 
have to go to the trouble of raking up past history to show 
that the redness did not matter in the former case ; but, if 
he has enjoyed the vision of redness for a long time, his 
whole mental equilibrium may be destroyed if I take it 
away. 

An archdeacon has been defined as one who performs arch- 
deaconal functions. Sometimes we laugh at that definition ; 
but, provided that the functions are expressed explicitly, it 
is a very good definition — a much better definition for 
example, than one which defines the individual in question 
as one who wears gaiters and a top hat of rather ostentatious 
shape. It is true that the gaiters and the top hat are the 
most immediately obvious features of the archdeacon, but 
one who riveted his attention on these appendages as the 
most fundamental attributes of an archdeacon might be at 
a loss to understand the significance of the individual if for 
some reason he were without them, in spite of the fact that 
he might be just as good an archdeacon. The obvious part 
of the archdeacon is irrelevant to his true functions. And, 
so in science, we encounter many instakices where we choose 
to think of things mainly in terms of their activities, and we 
are loath to add to them appendages which may hinder or 
complicate those activities. 

The scientific thought of the latter half of the last century 
was concerned greatly with the properties of a hypothetical 
medium, the aether, whose function it was to transmit light 
and heat through space, and which later had added to it 
the duty of carrying wireless waves — a medium in whose 
subtle properties it was hoped some day to find the secret of 
gravitation, and everything else which yet held a secret in 
the universe. Now it turned out to be perfectly possible to 
express the properties of this medium in mathematical form ; 
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but the mathematical equations looked cold and lifeless. 
One would have liked to think of the aether as something 
like water; but that would not do, because the kind of 
waves which a substance like water would propagate are 
quite different from those which would be required for light. 
A solid would have been better for the purposes of light. 
But how would it be possible for the earth and all the other 
planets to glide so smoothly through a solid ? And so there 
was much puzzling of our brains to understand how a me- 
dium could on the one hand act like the most limpid of fluids, 
and on the other hand, like the most rigid of solids. The 
properties of the required aether were expressed very beau- 
tifully, and with perfect consistency by the mathematical 
equations, but there was no other stuff in the universe which 
seemed anything like what this aether had to be, and many 
of us did not like it. The aether was like the archdeacon 
who was perfectly clearly described as regards the duties he 
performed but who was otherwise such an unconventional 
fellow that he could not be made to wear any orthodox top 
hat, and wath legs such that nothing which looked like gai- 
ters could be made to adorn them. Finally, when the theory 
of relativity came, the aether became like an archdeacon to 
whom even a body was an encumbrance, an^i to whom there 
was left nothing but a sort of spiritual significance appro- 
priate to a being who performed his ecclesiastical functions, 
but without the adornment of head, arms or legs. The 
mathematician really found little else to talk about in the 
aether other than its properties as expressed by the mathe- 
matical equations, and he became accustomed to dislike the 
very use of the word aether, since he knew that anyone who 
talked about the aether other than in terms of its purely 
mathematical properties was really in his subconscious mind 
thinking of something like water or some other substance 
familiar in his everyday life. And such thoughts would 
naturally breed all sorts of irrelevant questions which had no 
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business in the discussion, questions as to what the boiling 
point and the freezing point of the aether might be, ques- 
tions as to whether there might not be “icebergs” of aether 
floating about in the extreme cold of interstellar space. Un- 
fortunately, it is frequently the irrelevant things which, in 
the form of a hazy shadow in his mind, constitute in the 
aggregate the layman’s concept of “reality.” 

One of the irrelevant concepts which the materialistic 
physicist wished to think of in relation to the aether was its 
state of motion. He wanted to be able to speak of the veloc- 
ity of the earth in relation to it, or of its velocity in relation 
to the earth. He wanted to picture the drag which it would 
exert on the earth in passing through it, and so on. How- 
ever, the irritating thing about this cantankerous aether was 
that while it behaved with perfect consistency with regard to 
its legitimate job, it gave all sorts of inconsistencies with 
regard to the things which people wondered about it and 
which were not part of its job. People said, “Ah! If it 
has a velocity relative to the earth, if it is not dragged along, 
then such and such an experiment should give such and 
such an effect.” The experiment was tried, and no effect 
was observed. “Very well, then,” we said, “it has no veloc- 
ity with regard to the earth ; it is dragged along.” Then 
somebody else said, “But if it is stationary with regard to 
the earth, then such and such another experiment should 
work in a certain way.” When tried, it ^d not work in 
that way. So long as we confined ourselves merely to the 
properties of the medium as specified by the mathematical 
equations, all was well, but whenever we added anything 
else, the supposed “aether” refused to co-operate ; and 
when yye had removed from it all of the irrelevant appen- 
dages to which nature seemed to object there was practi- 
cally nothing left which the layman could be willing to admit 
as constituting, in his mind, any sort of picture of what he 
would call “a medium.” One who tried to picture the phe- 


26 The Architecture of the Universe 



nomena covered as those of a medium in the sense in which 
he started off to think of a medium, would be somewhat in 
the position of a philosopher who wished to attribute cer- 
tain causes to a being whom he originally thought of as a 
man, but whom further investigation indicated as having 
no arms, legs, nose, or mouth ; a being who had to be not 
cylindrical in structure but spherical ; not solid, but gaseous, 
and so on. It is difficult to believe that our philosopher 
would derive much real help from continuing to think of 
such a being as possessed of human qualities. Lord Salis- 
bury once defined the aether as a word designed to provide 
a nominative case to the verb “to undulate.” I have re- 
cently given another definition, “The aether is a medium 
invented by man for the purpose of propagating his miscon- 
ceptions from one place to another.” Of all subtle fluids 
invented for the stimulation of the imagination, it is the only 
one which, so far, has not been prohibited. 

And so, when in science we meet things which have few 
of the attributes of the things about us, when the molecule 
carries no attribute of color, when the aether has no means 
whereby to freeze, we must not be alarmed ; for the inani- 
mate workers of science carry no insignia of office, and for 
them of all things it may be truly said “By their fruits alone 
shall ye know them.” 


Chapter II 

The Dawn and Development of the Modern 

Era 

The year 1642 saw the death of Galileo. He lived in an 
age when there was little tolerance for one who followed not 
the conventionalities of thought of the day. To question 
the learning of the past was arrogance, to discover new truths 
was blasphemy, and so he died having sown, however, the 
seeds of the fruit that was to come. He died in a world 
seething with superstition and ruled by the dogmas of an 
ancient past, but a world which was destined only a year 
later to see the birth of one who is rated by many as the great- 
est genius of all time — that great prince of England’s men 
of science — Isaac Newton. 

In its purest aspect, the task of the natural philosopher 
to-day is to discover the relationships existing between the 
different phenomena which happen in our universe. He 
seeks to see in the workings of nature simply different illus- 
trations of a few fundamental principles. Newton was the 
greatest of the pioneers in this method of systematized 
thought. In his great work, the “Principia,” characterized 
by the Marquis Laplace as preeminent above all produc- 
tions of the human intellect, he demonstrated the powerful 
simplicity of the fundamentals which control the destinies 
of the heavens. No longer did the universe appear a bizarre 
and formless thing governed by a heterogeneous system of 
agencies. No longer need the sun carry spokes, as Kepler 
thought, to grind the planets around in the heavens. No 
longer was a guardian angel necessary for each planet to 
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guide its course. No longer were the planets whirled 
through space by the whirlpools of an aether, as a twig is 
whirled about in the rapids. All that was necessary was the 
laws of motion of Galileo, operating under the influence of a 
force emanating from the sun according to the inverse square 
of the distance therefrom. And this force was no new and 
mysterious thing, for Newton showed that gravitation, that 
same old force which had been known for so long — gravi- 
tation which causes apples to fall from the tree to the ground 
— was sufficient to control the moon in its orbit, and such a 
gravitation with its origin in the sun served the purpose of 
controlling the planetary motions. Moreover, in this same 
gravitation did the tides find their origin through an attrac- 
tion of the moon and sun. In this same gravitation from 
the sun, combined with the flattened shape of the earth, 
did that mysterious conical motion of the earth’s axis con- 
cerned with the precession of the equinoxes find its origin, 
and in the laws of Galileo was to be found an explanation 
of the actual flattening of the earth’s shape as a result of 
the centrifugal acceleration of its rotation. These and many 
other things did Newton demonstrate in the “Principia” 
and by their means brought astronomy from a state of pure 
charlatanism to the state of order symbolized by Pope’s 
famous words, 

“Nature and Nature’s laws lay hid in Night, 

God said. Let Newton be, and all was light.” 

Even as our greatest architects strive for beauty couched 
in a fundamental simplicity of design, so the Grand Archi- 
tect of the universe revealed himself in Newton’s great work 
as the father of the principle of dignity of structure through 
ultimate simplicity. It is a great faith in the possibilit}?^ of 
seeing in the operations of nature the working of principles 
which are ultimately simple which, as each new discovery is 
revealed, has encouraged man to the hope that he may some 
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day understand them. While to-day nature has revealed 
many treasures unknown to Newton, there are few who, 
realizing the great stride made in the “Prindpia,” will not 
to-day join with Halley in his eulogy of that great work, 
“So near the gods man cannot nearer go.” 

When an outstanding genius causes science to take a leap 
forward beyond the vision of his contemporaries, there usu- 
ally follows a period of depression in which it se^ms that all 
that is worth doing has been done, and that what the uni- 
verse has not already revealed must forever defy the power 
of man to fathom. Such a period followed Newton. Of 
course, much valuable work was done in the years which 
came after, but it took more the form of a development of 
the consequences of Newton’s labors than of the discovery 
of new paths of knowledge. And then, only about a cen- 
tury ago, a new page in the architectural design of the uni- 
verse was turned, and the heading on that page was elec- 
tricity. 

The forerunners in the march of science do not often come 
heralded by much ceremony suggestive of the power that 
lies behind them. Often in apparent trivialities do they 
reveal themselves — trivialities so void of spectacular con- 
tent that but few can be found who deem it worth while to 
listen to their story. A hundred and fifty years ago little 
more was known of the science of electricity than the fact 
that if a rod of suitable material is rubbed with the skin of 
a cat it will acquire the power to pick up small pieces of 
paper, and, if viewed in the dark, will be found to emit a 
blue glow. One can hardly imagine a set of phenomena 
more vulnerable to the scoffer; for, rods and cats have been 
the stock paraphernalia of witches from time immemorial — 
the blue light visible in the dark adds no particular prestige 
to the phenomena. And then, we find that these things 
will not reveal themselves in the presence of water. Now, 
we should say that water destroys the electrical insulation, 
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but the scoffer who had heard so much of the fundamen- 
tality of that triumvirate, “earth, fire and water,” might 
find ample wherewithal to whet his sarcasm, and even 
though he should admit the reality of the phenomena 
themselves, he might well attack them on the basis of 
their futility; for, it would appear that if all the rods in 
the world were rubbed with the skins of all the cats, the 
most that we might hope to accomplish would be the raising 
of a small weight of totally insignificant amount. And yet, 
on this earth at that very time there existed, and within 
the reach of man, the wherewithal to make a dynamo. 

To one who contemplates the enormous manifestations of 
electrical power to-day, it seems almost inconceivable that 
all of these potentialities could have remained dormant for 
the whole period of man’s civilization. 

The Royal Institution of Great Britain was founded by 
Count Rumford in 1799. Its stated purpose was “the pro- 
motion, diffusion and extension of Science, and of useful 
knowledge.” To its lectures given by Sir Humphry Davy 
at the beginning of the last century came a young book- 
binder’s apprentice, whose enthusiasm sufficiently impressed 
the lecturer to result in his being appointed as assistant at 
the Institution. His duties were manifold, ranging from 
scientific investigations, through bottle washing, to those of 
personal valet to his chief. But Nature rewarded well in 
fame these humbler services in her cause ; for, in that very 
laboratory which he entered as little more than a servant he 
was destined to become the father of the great science of 
modem_ electricity. 

The fact that wires carrying currents possess in many 
respects the characteristics of magnets was already known, 
but it fell to Faraday to discover the fact that batteries were 
not the only means by which electric current could be pro- 
duced, and to demonstrate the fundamental principles upon 
which electrical engineering is based to-day. By the labors 
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of that little group of men, Ampere in France, Faraday in 
England and Henry in this country, we came into possession 
of most of the facts governing the broader features of electri- 
cal science, of the facts which tell us how to build a dynamo, 
a motor, and the like. We came to know of strange new 
forces with mysterious relations between them. But what 
was their explanation — what was the secret of their mutual 
relations — of what broad principles of the design of the 
universe did they form a part? Then came Clerk Maxwell, 
who strove to correlate these discoveries into a more har- 
monious unity. He sought and found a beautiful scheme of 
thought in which to comprehend and harmonize the dis- 
coveries of his predecessors. The form of his scheme was 
such as to suggest that it should be possible to propagate 
electromagnetic disturbances in the form of waves in an all- 
pervading medimn, and that certain of these weaves should 
have the properties of light waves, and that all should travel 
with a velocity equal to that of light. His conclusions in the 
latter respects were beautifully verified by his calculation of 
the correct velocity of light from purely electrical data, and 
his predictions in the former have received wonderful justi- 
fication, first in the experimental work of Hertz and Lodge, 
and finally in the modern developments of wireless telegra- 
phy and telephony in the hands of Marconi and others, devel- 
opments which at every stage of their progress have drawn 
upon the principles outlined in Maxwell’s great work. Later 
we knew that the electromagnetic waves of “wireless,” heat 
rays, light rays, the ultra-violet rays used therapeutically. 
X-rays, the gamma rays emitted by radium, and possibly, 
m part at any rate, even the cosmic rays of which we have 
heard so much recently, are all special cases of electromag- 
netic waves differing from each other m their essentials only 
as regards their length. The longest are the wireless waves, 
which attain lengths of the order of a mile, and the shortest 
constitute the cosmic rays, whose length is comparable with 
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one-hundredth of the one-millionth of the one-millionth of 
an inch. 

And then, following Maxwell, once again science made one 
of those pauses for breath in which many seem to see the 
end of all that man may hope to know — those dread pauses 
in which the horizon of discovery seems also the boundary 
thereof. 

Thirty-five years ago was a time of great depression in 
physics — a time when would-be Ph.D.’s went about like 
roaring lions seeking something to measure and finding noth- 
ing but the density of a gas or the viscosity of a solid. The 
sentiment of the times was well voiced by a certain European 
physicist of eminence who stated that it was probable that 
all the important experimental discoveries in physics had 
been made and that henceforth the investigator must con- 
fine himself to a repetition of what had been already done, 
with greater attention to minor matters of precision. 

Even in those days the apparatus cases of most labora- 
tories housed curiously shaped glass tubes containing rare- 
fied gases of various kinds which could be made to glow in 
fantastic manner by sending an electric discharge through 
them. Few sought to penetrate the mysteries of those 
tubes. They would be brought forth on the occasion of 
popular exhibits in the laboratory, made to go through their 
alluring performances and then returned to their cases to 
await the next festivity of the kind. They were not viewed 
as serious articles of scientific research, but as hardly more 
than toys. And yet, what a marvelous secret they held ! 
For it was in one of those tubes that, in 1898, J. J. Thomson 
discovered one of the fundamental bricks out of which the 
universe is built — the electron — the tireless worker whose 
home is in the atom — the thing whose quivers send us light 
from the sun, whose ceaseless flight around the atom’s center 
gives the magnet the power to pull — the thing whose mo- 
tion through the electric cable constitutes the electric cur- 
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rent — the thing whose splash when hurled into the atom 
with great speed is the X-ray — the thing whose motions in 
the antenna send us wireless waves, and whose motions in the 
radio tube enable us to detect those waves. It is to the 
electrons that matter owes all its chemical properties. 

Before the discovery of electrons we had cause to believe 
that there were such things as atoms and molecules, but no- 
body ventured to picture their structure, and we felt that 
we had gone far in penetrating nature’s mysteries when we 
were able to say that, on the basis of certain plausible con- 
siderations, it was probable that if a drop of water were 
magnified to the size of the earth, the molecules would be- 
come as large as small shot. The discovery of the electron 
gave a fresh impetus to man’s hope of understanding the 
atom, and before long the second fundamental brick of na- 
ture’s structure revealed itself — the fundamental unit of 
positive electricity — the proton, whose natural home is in 
the nucleus, the heart of the atom. 

At the end of the last century, Rdntgen discovered X-rays. 
The property by which they first claimed attention was their 
power to pass through flesh and to show shadows of the bones 
of the body. Soon, however, it was realized they were en- 
dowed with many other properties of a most important and 
interesting kind, properties which were bound up with the 
atom’s structure and whose study therefore served to throw 
further light upon that structure. 

Until the end of the last century, one of the most firmly 
established beliefs was that of the permanence of the atoms. 
However, near its close, Becquerel found certain curious 
properties of uranium oxide which suggested that this sub- 
stance was continually emitting some kind of a radiation 
which could pass through screens opaque to light, and affect 
a photographic plate. Several other substances were discov- 
ered, with characteristics which could only be harmonized on 
the belief that the atoms of these substances were in a con- 
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tinual state of spontaneous disintegration — of atomic ex- 
plosions if you will — and that the phenomena observed were 
the symbols of these explosions. 

One may naturally be led to inquire how far discoveries in 
pure physics and mathematics find their reflections in the 
things of everyday life in the sense which we call useful. If 
in a great city we should set out on our travels with the in- 
tention of visiting all the places within the field of our im- 
mediate interests to the exclusion of others, and if we should 
refuse to walk along any street which did not itseM contain 
many of these places, then, even as regards those things to 
which our interest was confined, we should limit greatly the 
possibilities which that city opened to us. If this is true of 
a relatively simple structure like a city, how much more is 
it true of that beautiful framework of science whose parts 
are so clearly interwoven that it is almost impossible to 
touch one of them without producing response in aU the 
others. While, therefore, the man of science must pursue 
knowledge for its own sake, it is a remarkable fact that prac- 
tically all of those achievements in the physics of the past 
thirty years which might be classed as utilitarian, have 
arisen directly from, or in relation to, investigations pur- 
sued with no utilitarian motive directly in view. X-rays 
revealed themselves first in the apparently trivial matter 
of their power to cause a photographic plate to darken. 
Their power to penetrate substances opaque to light 
gave them, however, an immediate importance in surgery. 
The study of their properties shed a new light upon the 
structure of the atom and this light was reflected back with 
enhanced intensity to clarify the properties of the X-rays 
themselves. The immediate application to photographic 
surgery was obvious, but that field which is concerned with 
the effects of the rays upon the body tissue, upon the cure of 
cancer and the like, was not so evident. Bound up as it is 
with the properties of the rays in relation to their passage 
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through matter, with their absorption in the tissues, and 
the extent of the molecular disruption which they produce, 
it must draw for its development upon the more fine-grained 
aspects of the study of X-rays which the physicist has made 
in the field of his own interests. 

The study of radio-activity has taught us that in the spon- 
taneous disintegration of the atoms which accompanies this 
process, powerful radiations are emitted. First we have the 
alpha particle, a positively charged atom of helium, with a 
velocity of twelve thousand miles per second. Then we have 
electrons travelling with a velocity fifteen times as great 
and finally we have a very hard t3?pe of X-rays known as 
gamma rays. These rays possess the power to disrupt mole- 
cules through which they pass and it is this power which 
gives them, in common with X-rays, such great value in 
medicine. The surgeon’s knife can dissect the tissues and 
remove the larger malformations of growth, but the X-rays, 
the rays from radium, and those of ultra-violet light can dis- 
sect the structure of things ten thousand times smaller 
than the smallest things which our microscope can reveal. 

The detailed investigations of phenomena pertaining to 
the passage of electricity through gases — phenomena whose 
study led to the discovery of the electron — necessitated an 
improvement in our methods of producing high vacua. The 
pumps of to-day can accomplish in fifteen seconds what 
would have taken a couple of hours thirty years ago, and the 
vacua attainable are ten thousand or more times better than 
they were in those days. We can now reduce the pressure 
in our apparatus by means of modern pumps to such 
an extent that only one in every hundred thousand million 
of the molecules originally present remains. This improve- 
ment in the technique of producing high vacua, rendered 
necessary for investigation in pure science, has rendered pos- 
sible the electric lamps which we use to-day. It has ren- 
dered possible the modem X-ray tube — an instrmnent not 
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only infinitely more reliable than the weak and capricious 
tubes of twenty-five years ago, but controllable in intensity 
to amounts twenty times as great as those formerly attain- 
able. It is only through the aid of modern vacuum tech- 
nique that the modern broadcasting station has been ren- 
dered possible, that the radio amplifying tube has become a 
reality, and that we can have wireless transmission of signals, 
speech and photographs. 

If, twenty-five years ago, we had wished to give an example 
of a t5q)e of research which was least likely to have an utili- 
tarian value, we could hardly have chosen a more fitting 
example than the investigations which Prof. O. W. Richard- 
son had been carrying on in England, and later at Prince- 
ton, on the emission of electrons from heated wires ; yet it is 
to these investigations, combined with the power to produce 
high vacua, that we owe the modern radio tube, the X-ray 
tube, and a variety of appliances used in the general fields 
of radio transmission and X-ray technique. 

It has long been known that light when falling upon the 
surfaces of certain substances possesses the power to eject 
electrons from them, and the study of this phenomenon has 
been one of primary importance in relation to our knowl- 
edge of atomic processes. But it, too, has had its practical 
application, for it is this phenomenon which has rendered 
possible the wireless transmission of pictures, and a variety 
of other things hardly less important even though less spec- 
tacular. 

Many years ago, Rowland, of Johns Hopkins University, 
showed us how to rule very fine closely spaced parallel lines 
on speculum metal, and use them to analyze light into its 
component colors. That which the grating does to the light 
can be predicted if we know the spacing of the lines ; and, 
conversely, if we had known beforehand the nature of the- 
light, we could have gained information regarding the spac- 
ing of the lines. Since X-rays are of the same general nature 


The Development of the Modern Era 37 


as light, but of much shorter wave-length, it became a mat- 
ter of interest to inquire how far such methods could be 
applied to them. It appeared at first sight, however, that 
for the successful pursuit of this problem, it would be neces- 
sary to rule lines whose distance apart was of the order of 
one-hundred-millionth of a centimeter. We cannot, of 
course, make such rulings, but nature has provided us with 
something very like them in the regularly spaced atoms 
which constitute a crystal of rock salt, for example. 

About twenty years ago, Laue found that he could make a 
crystal act in relation to X-rays in very much the same way 
as Rowland’s gratings acted toward light. The matter was 
pushed rapidly forward by a munber of physicists, and soon 
gave accurate means of measuring the form of distribution, 
and spacing of the very molecules of the crystals. It is 
quite impossible in a short space to give any idea of the tre- 
mendous field of activity which these discoveries opened up 
in relation to atomic structure on the one hand, and the 
nature of X-rays on the other. Not only this, but it soon 
became realized that there were other fields of usefulness for 
the new method. Not the least among these has been its 
application to the structure of metals, which has provided 
the metallurgical engineer with a new method of attack in 
the detailed examination of his alloys, and of the effect of 
strain and other treatment upon them. Whereas formerly 
the limits to the fineness of his examination were determined 
by what his microscope could see, he is now almost in a posi- 
tion to look at the very molecules themselves. 

Many years ago. Professor Michelson, of the University 
of Chicago, became interested in the question of whether or 
not the velocity of light is affected by the earth’s motion. 
This is an experiment having, at first sight, nothing but a 
philosophical interest. But Professor Michelson obtained 
an unexpected result, a result which did not harmo n ize with 
our understanding of nature’s laws ; and herein lay its great 
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value, for it showed that our modes of thought required revi- 
sion. This great revision, not, of course, in the laws them- 
selves, but in the sense in 'which we interpret them if they 
are to harmonize throughout, constitutes the theory of rela- 
tivity, a way of looking at things which soon made its 
influence felt outside of the domain in which it was born, 
a scheme of thought which has enabled us to see harmony in, 
and so understand, many wonderful things in the theory of 
electricity, atomic structure, and other branches of physics. 
Moreover, here again, we meet with a remarkable example 
of the interdependence of the various parts of science on 
one another. Of all branches of pure mathematics one could 
hardly conceive any farther removed from nature than those 
having to do with non-Euclidean geometr)^ and the so-called 
absolute calculus of Ricci and Levi-Civita. These were 
fields so specialized as to be studied only to a very limited 
extent by mathematicians themselves. Yet, even as an 
archaeologist might suddenly come upon a scroll of papyrus 
outlining the laws of an ancient civilization, and might 
therein find the means to harmonize, and understand the 
other visual records which his search had unearthed, so 
Einstein found in these abstruse writings of the mathema- 
ticians the wherewithal to express the unity of nature’s laws 
in a form so beautiful that he has likened that expression to 
a wonderful symphony of which our universe is the expres- 
sion of God’s rendering. 

Astronomy, the most ancient of the sciences, has always 
occupied a place in the forefront of the imagination of the 
scientist and the layman alike. With the motions of the 
planets coordinated by Kepler, and moulded into a beauti- 
ful scheme of physical law by Newton two hundred and fifty 
years ago, there seemed but little more that man could ex- 
pect to discover. The growth of the science of optics soon 
provided a tool wherewith to explore farther, however. 
Laboratory studies of the nature of the light emitted by 


The Development of the Modern Era 39 


incandescent solids and gases provided later a means of de- 
termining much concerning the heavenly bodies by a study 
of the light which they emit. Stars which are so far away 
that their light, travelling towards us at the rate of 186,000 
miles per second, takes thousands of years to reach us, may 
move with great velocity without that velocity making it- 
self apparent by direct observation. A study of their light 
has enabled us to determine their speed in very much the 
same way that we could determine the speed of a train by 
noting how much the pitch of its whistle is altered by the 
motion. 

The stars are so far away that even in our most powerful 
telescopes they appear but as points in spite of their great 
size ; but by drawing in greater detail upon our knowledge 
of the way in which light comes to us and of the effect of the 
size of the emitting body on the character of the light, Pro- 
fessor Michelson, at an age when most men are content to 
rest upon their laurels, performed one of the most brilliant 
feats of a lifetime of masterly achievements in measuring 
the diameter of one of these stars, a feat equivalent to meas- 
uring the diameter of a penny at a distance of a himdred 
miles. 

Strange as it may seem that we can learn so much about 
the stars which are so far away, the last few years have en- 
hanced still further the wonder of it aU. For the knowledge 
which we have gained about matter by experiment in the 
laboratory has found a most remarkable field of application 
in enabling us to understand the conditions which must pre- 
vail in the stars ; and, these stars by their peculiar char- 
acteristics of large size, high temperature, high density, and 
so forth, have provided us with conditions to test our con- 
clusions such as we could never have hoped to attain in the 
laboratory. A gas compressed to a density eight thousand 
times that of steel is but a figment of the imagination in the 
laboratory, yet of such stuff is the Companion of Sirius made. 
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Temperatures of forty million degrees correspond to things 
ten thousand times as hot as any temperatures we find on 
earth, yet nature has realized such temperatures in some of 
the stars. And so the stars, far from being things through 
which we dare hope to learn but little, have, by their excep- 
tional conditions, served to provide us not only with a very 
fascinating story of their own life history, but with a large 
part of the story of the birth and death of matter itself. 

For many years we have known that the atmosphere is a 
conductor of electricity. As compared with a substance 
like copper, for example, its conductmty is almost incon- 
ceivably small. A column of air one inch long offers as much 
resistance to the flow of the electric current as would a cop- 
per cable of the same cross section extending from here to 
the star Arcturus and back several times. Yet, as our knowl- 
edge of the way in which a gas conducts electricity grew 
through the labors of Sir J. J. Thomson and his school, even 
this small conductivity could not be allowed to pass without 
some explanation as to its origin. The pursuit of this mat- 
ter by many investigators prominent among whom were 
Rutherford, in England, McLennan in Canada, Hess, and 
Kolhorster in Germany and Millikan in this country lead 
with ever increasing certainty to the conclusion that the 
power of the atmosphere to conduct electricity was in part 
to be attributed to a radiation coming to us from outer space 
and disrupting the atoms of our air as it passed through it. 
This radiation, which we now call the cosmic radiation is of 
an extremely penetrating nature. We were surprised when 
X-rays revealed themselves as capable of penetrating the 
flesh of our bodies. We were more surprised when the 
gamma rays of radium revealed themselves as capable of 
penetrating some inches of lead ; but, now we find the cos- 
mic radiation capable of penetrating as much as seventy-five 
feet of lead and yet showing a remanent of the radiation 
which entered. The origin and nature of such a radiation 


The Development of the Modern Era 41 


became and still remains, a matter of most profound inter- 
est. In the opinion of some, these rays are flashes of energy 
emitted in the birth of atoms in interstellar space. In the 
words of Dr. Millikan they are the birth cries of the atoms. 
In the view of others, they are charged particles travelling 
with such great energy that an electric tension of ten thou- 
sand million volts would be necessary to give them that 
energy. Yet others follow the Abbe Lemaitre in supposing 
that they are electrons, atoms and the like falling back 
upon the earth and representing the debris from a gigantic 
explosion which originally formed the universe by blowing to 
pieces what was once a huge conglomeration of matter form- 
ing one individual mass. 

The dream of the alchemist was the transmutation of the 
elements. Thirty years ago, organized science which had 
freed itself from the shackles of mysticism would have con- 
templated such a possibility as beyond our wildest hopes. 
Then, fifteen years ago, some experiments of Lord Ruther- 
ford sowed the seeds of possibility of such transmutations. 
In those experiments, the cannon balls which bombarded 
the atoms and split them asunder were alpha particles from 
radium. Their energy came from the radium atom and not 
from apparatus devised by the ingenuity of man. For ten 
years more, it seemed as though this dream of the transmu- 
tation of the elements must forever remain a dream for all 
practical purposes. Now, within the last two or three years 
man himself has fashioned weapons to pierce the very heart 
of the atom. With such apparatus, Messrs. Cockcroft and 
Walton in England, and Professor Ernest Lawrence and 
others in this country, are disintegrating atoms in ever in- 
creasing amounts, so that while even yet transmutation in 
large quantities is a distant hope, it is a hope which is at 
least on the horizon of our scientific vision. 

Discoveries in the field of experimental science naturally 
go hand in hand with that study of the laws of design of the 
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universe which we call theoretical science. One supple- 
ments the other, and the strength of one enhances the 
strength of the other. It is naturally around the atom’s 
structure that the thoughts of men have loved to hover. 
And here, the power to comprehend a new point of view has 
grown enormously in the last few years. We have a clearer 
understanding of what imderstanding means. We were in 
danger of becoming so enamoured of those laws which gov- 
ern the behavior of matter in bulk as to refuse to admit any 
other possibilities in respect to the laws of the atom. The 
workings of the coarse-grained things of nature were all 
about us» Pulleys, springs, water torrents, the waves of the 
sea, these were things of common experience, and the mind 
sought contentment in the thought that the atom might 
utilize in its structure only things which behaved as these 
things behaved ; and even as a little hill may hide the Alps 
from one whose life is in its shadow, so there was danger in 
the known and obvious workings of the common things 
around us obscuring from our vision the story of that great 
universe of the atom which lies beyond. Happily, the com- 
placency of our outlook has received, in recent years, one or 
two serious jolts. First came the theory of relativity, which 
taught us that a greater elasticity of thought was necessary 
if we were to understand nature as she is rather than as we 
might have made her. Then came a series of experimental 
phenomena which seemed to violate all our notions of how 
things should be, and since we could not alter the experi- 
mental phenomena we had to alter the notions, and so there 
arose the so-called quantum theory of atomic structure- 
one of the most helpful crystallizations of thought for cor- 
relating the facts that we have ever had. And then, as 
further search showed this theory to be inadequate beyond 
a certain stage, there arose only six years ago, an entirely 
new way of regarding the atom — a way so radical in its 
point of view that it is safe to say that had it been put for- 



The Development of the Modern Era 43 


ward twenty years ago, it would hardly have attained a 
hearing. Born in a day of more liberal thought, however, 
it had no sooner made an appearance than a host of workers 
arose to welcome it and to develop its consequences, so that 
to-day there is hardly a physical laboratory in the coimtry 
which does not contain one or more people who have acquired 
the power to think in its terms. 

In speaking of theories being discarded and superseded 
by others, we must not think of the discarded ones as use- 
less. The situation is not so much one where we are to think 
of a certain theory as right and all the others wrong. In a 
sense, different theories are like different languages for de- 
scribing the same phenomena. The English language may 
be more suitable — more powerful for the purposes of the 
science of chemistry than the French language. It may 
have a greater richness of word content ; but to say that one 
is right and the other wrong is to utter nonsense. 

And so, a third of a century after the prediction of the 
eminent European philosopher to the effect that discovery 
was ended we find ourselves in the most intensive period of 
scientific activity of all time. We may well ask where we 
are headed. Shall we continue to discover new treasures, 
or, when we have catalogued those we have, shall we reach 
again one of those periods of stagnation? If we do, and if 
there be any one who then feels that progress is ended, that 
knowledge is complete, and that science is dead, let him 
think how confidently he could have voiced that same 
thought in the civilization of the Pharaohs. Let him think 
with what surety he would have voiced it in the years which 
followed Newton. Let him think how he would have voiced 
it — yes, perhaps how he did voice it thirty years ago — and 
then let him take hope. For, the words of the Bard of Avon 
ring truly yet. There is more in heaven and earth than is 
dreamed of in even twentieth century philosophy, and the 
richness of nature’s content will not be fathomed in our time. 


Chapter III 

The Nature of Matter. Development of 
Atomic Theory 

Atomic Magnitudes. In attempting a review of the story 
of atomic structure, it is appropriate that we first renew our 
acquaintance with a few of the principal actors in the play. 
These actors have changed somewhat in our imagination as 
a result of the developments of theoretical physics during 
the last six years. They have attained a sort of middle age. 
Thejr forms and contours are broader than they seemed to 
us twenty years ago. They have become a little less definite 
and cocksure in their significance and a little more nebulous 
in character. Their main characteristics are, however, those 
of their youth ; and, it is in the beauty of that youth that 
we will first recall them to our minds. 

First we have the electron — the fundamental imit of 
negative charge — a thing which in its youth was thought 
of as a small, spherical shell of negative electricity of such 
minuteness that if you should magnify the diameter of that 
shell to the size of a piece of small lead shot, that piece of 
lead shot would, on the same scale of magnification, become 
larger than the sun. The mass of the electron is so small that 
if you should magnify all masses so that the electron attains 
a mass of one tenth of an ounce, that one tenth of an ounce 
would, on the same scale of magnification, become as heavy 
as the earth. 

Then, we have the proton — the fundamental unit of posi- 
tive charge — a thing 1800 times as heavy as the electron. 
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but 1800 times smaller ia size, so that if you should magnify 
it to the size of a pin’s head, that pin’s head would, on the 
same scale of magnification, attain a diameter equal to the 
diameter of the earth’s orbit around the sun. Out of these 
two bricks, the proton and the electron, the attempt has 
been made to explain all the architecture of nature, and all 
that nature does. Within the last year or two we have come 
to recognize the existence of two other entities, the positive 
electron, or positron as it is sometimes called, and the neu- 
tron. As far as we know, positrons have the same mass as 
electrons but they differ from them in carrying a positive 
instead of a negative charge. It is strange that these posi- 
trons have concealed their existence for so many years. 
They seem to come into existence only in situations of atomic 
catastrophe of the most violent kind. Electrons and pro- 
tons can be caused to make themselves evident in the more 
peaceable types of physical experiments. Thus, electrons 
are ejected continually from the hot filaments of our radio 
tubes. Only when a cosmic ray, or some entity of huge 
atomic energy shatters an atom or is itself shattered by the 
atom into some other form do these positrons make their 
appearance. 

The neutron is characterized by the fact that it carries no 
electric charge as a whole. Unlike electrons and protons 
which, in virtue of the forces exerted by their charges “feel” 
the ptesence of things at distances from them large com- 
pared with their size, the neutron only affects things which 
lie directly in its path. The neutron is sometimes thought 
of as an electron and a proton travelling along in close com- 
bination. The electron and proton are so much occupied 
with each other that they have little concern for things 
which they pass in their travels. Only when they come into 
direct collision with the densest part of an atom is the shock 
sufficient to disturb their equilibrium and then, as though 
annoyed by this disturbance of their otherwise peaceful 
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existence, they hurl out of the atom a proton or some other 
part of its structure, with great energy. 

He who would delve into the mysteries of the atomic king- 
dom must accustom himself to think of numbers which are 
very large, and of numbers which are very small. An ordi- 
nary glass of water contains ten million million million mil- 
lion molecules. In order to give an idea of how large a num- 
ber that is, I can do no better than quote an illustration 
given by Dr. F. W. Aston to the following effect : Suppose 
that we could label the molecules in the glass, so that we 
should know them again, and suppose that having done this, 
we should empty the glass into the middle of the Pacific 
Ocean, wait until the contents had become thoroughly mixed 
up with all the waters of the world and then go to the near- 
est spigot and fill the glass once more. How many of the 
original molecules would be formd in the glass ? The answer 
is “About two thousand.” It is highly probable that the 
body of each one of us contains many of the atoms which 
went to make up the body of Julius Caesar. A similar state- 
ment with regard to Napoleon is not so likely to be true. He 
is not yet mixed up enough. The hydrogen atom, the light- 
est of the atoms, is so light that if the mass of everything in 
the universe were increased so that the hydrogen atom at- 
tained a mass of four ounces, that four ounces would, on 
the same scale of magnification, become as heavy as the 
earth. The heaviest of the atoms, the atom of uranium, is 
only two hundred and thirty-eight times as heavy as the 
atom of hydrogen. 

It would take about 2000 protons laid side by side to 
make up the diameter of an electron, about thirty thou- 
sand electrons side by side to stretch the diameter of a hy- 
drogen atom, and about a hundred million hydrogen atoms 
side by side to stretch one third of an inch. 

Although matter seems such substantial stuff, it is really 
more tenuous than almost anything we know in the obvious 
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routine of everyday life. According to the views which 
prevailed until five years ago, at any rate, and which will not 
lead us astray appreciably in the present discussion, an atom 
of hydrogen consists of a single proton, with an electron 
revolving around it at a distance of the one two hxjpdred 
millionth of a centimeter. In order to picture to ourselves 
the relative magnitudes involved, it will suffice to say that, 
if we could see it, the hydrogen atom would look something 
like what the earth and sun would look like if, leaving the 
earth at its present distance, with its present size, we should 
reduce the sun in size so that it was only four miles in 
diameter. If I should try to draw a picture of the hydrogen 
atom and should draw the proton as large as one of the letters 
on this page, I should have to draw the electron bigger than 
the whole page, and place it on a circle fifty miles away. 
The hydrogen atom is thus a very empty thing, and this 
characteristic of emptiness is shared by all the atoms. It 
explains why we can shoot atoms through relatively thick 
pieces of metal foil. The foil is very compact as regards the 
passage of a body of large size through it, but very tenuous 
for the passage of a small thing like an atom, just as a room 
packed to the ceiling with chairs is very full of the matter 
under consideration for occupation by human beings, but 
very empty for occupation by flies. This book which you 
are reading is almost completely devoid of content — of 
course, I hope, in the material sense only ! If I could take 
any one of the readers and squeeze out all of the nothingness 
within him, he would be far smaller than a fllea, although he 
would carry as much weight as before. The problem of 
walking through a brick wall is not so miraculous as it seems. 
I will tell you how to do it. If you should consider any plane 
section through your body you would find that in any area, 
only about one millionth of the one hrmdred millionth of it 
would be covered with the sections of electrons and protons. 
All the rest would be emptiness ; and very much die same 
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thing may be said about the brick wall. Therefore, you see 
that there is plenty of room for you to walk through the 
brick wall. All you have to do is to make your electrons 
dodge those of the brick wall. The reason that I, my chair 
and desk, do not fall through the floor and finally reach the 
center of the earth is that the atoms and molecules of my 
body and of the chair, etc., are all in motion ; and directly I 
start to fall through the chair, the molecules of the chair 
start to kick me up. I have been kicked about from pillar 
to post in this manner all my life, and so have you. You 
may ask. Is there not a possibility that sometimes, as I start 
to fall through the chair, all the molecifles of my body will 
miss the molecules of the chair so that I shall fall right 
through? Yes! that may happen if I live long enough. 
It is indeed possible to calculate how often it will happen 
on the average. I find that for a chair one inch thick I sTiall 
probably fall through once in N times, where N is such a 
large number that if an angel flymg with the velocity of 
light (186,000 miles per second) were to write it down in his 
flight, and if he were to write so small that his figures were 
as tiny as electrons, and so fast that the successive zeros in 
the long number touched each other, in order to complete 
that number he would have to travel for a number of years 
which is so large that it would take more than 60,000 figures 
to write it down. I shall not worry about the risk. 

How We Determine Suck Quantities as the Mass of an Elec- 
tron, the Size of a Molecule, etc. It may seem strange that 
we are able to arrive at the size of a thing as small as an atom 
or molecule, a thing more than a thousand times smaller 
toan the smaUest speck we can see under the microscope. 
Uf course, nobody has measured a hydrogen atom with a 
yard stick; but there are other ways of arriving at the size 
ot things than by direct measurement. Suppose you had a 
doorway m a wall, and drove a herd of elephants toward the 
wa 1. The chances are that the door would be too small for 
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an elephant ; and if so, none would get through. Provided 
that you had some way of detecting elephants en masse, it 
would not be necessary for you even to see a single elephant 
in order to ascertain whether any had arrived on the opposite 
side of the wall. Suppose now you drove a flock of sheep 
towards the door. The door might be large enough for a 
single sheep, but the animals would get in one another’s way 
a great deal, and the rate at which they passed through the 
door would be very much less than would be the case for a 
lot of cats, or flies. It is easy to see that the rate at which 
any kind of thing could be driven through a hole in a parti- 
tion depends upon the extent to which the things get in one 
another’s way, and this in turn depends upon the size, so that 
it ought to be possible to determine the size by measuring 
the resistance to passage through a hole or tube under pre- 
scribed conditions. One of the methods which has been 
adopted for determining the sizes of molecules depends upon 
measuring the ease with which a gas composed of the mole- 
cules can be forced through a tube. 

But how do we arrive at the mass of such a small thing 
as an electron ? Suppose a stream of sand should be shot 
past you, and suppose you should blow upon it sideways. 
You would, of course, bend the stream in its course. Now it 
will be fairly obvious that if each grain of sand were replaced 
by a grain of lead of the same size travelling with the same 
velocity the effect of your blowing would be less. The lead 
particles have greater mass and are less sensitive to the air 
blast in the matter of changing the course of their fldght. 
Now we can shoot a beam of electrons through a tube con- 
taining rarifled gas, and can observe the course of theh flight 
by the luminescence which a few of them produce in atoms 
of the gas which they bombard on the way. We cannot 
blow sideways on the beam of electrons, but we can do some- 
thing like that. We can place the tube in the vicinity of a 
magnet, and if it is suitably located in reference to the mag- 
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net the latter will produce the equivalent of our blast of air, 
and will blow the beam of electrons sideways to an extent 
depending upon their velocity, their mass, and the magni- 
tude of the electric charge which each of them carries. We 
can, in fact, calculate the deviation of the beam of electrons 
in terms of the strength of the magnet, etc., the charge on 
the electron, its mass and its velocity. As a matter of fact, 
the electronic charge and mass come in together as a ratio — 
charge divided by mass. Thus if we measure the deviation 
of this beam, and if we have a means of determining the 
velocity of the electrons in the beam we can arrive at the 
ratio of the charge to the mass of the electron. Now how 
are we to determine the velocity of the electrons ? Well, we 
return to our beam of electrons. We can push it sideways 
with a magnet properly placed, and we can also push it side- 
ways by means of a charged body properly placed ; and we 
can adjust these two pushes so that they compensate each 
other, and the beam is not pushed sideways at all. But the 
theory of the pushes shows that the push caused by the mag- 
net is proportional to the electronic charge and to its ve- 
locity, and that the push caused by the charged body is pro- 
portional to the electronic charge without reference to the 
velocity, so that we can calculate what velocity the electron 
must have had in order that the sideways push on it caused 
by the magnet should be equal to that caused by the charged 
body. The velocity of the electrons in the beam having been 
determined we are then in possession of the ratio of the elec- 
tronic charge to its mass. If we can now obtain the elec- 
tronic charge we can consequently calculate its mass. There 
are several ways of getting at the electronic charge. One of 
the best known is the oil-drop method developed by Professor 
Millikan. A fine spray of oil drops is produced in the vi- 
cinity of a suitably placed charged body, and electrons are 
shot into the region containing the oil drops. One of these 
drops is watched by a microscope. If the drop has not yet 
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caught an electron it descends slowly under the influence of 
gravity. Presently it catches an electron. This causes it 
to become charged, and subject to the attraction of the 
charged body. The latter is arranged so as to pull the drop 
upwards against the influence of gravity ; and, by adjusting 
the charge on the charged body it is possible to keep the drop 
suspended stationary in mid-air like Mahomet’s coffin. 
When we have adjusted the charge on the charged body to 
secure this result we know that the pull due to the charged 
body on the electron on the drop is just the equivalent of the 
weight of the drop (together with the weight of the electron 
which is, however, negligible compared with the weight of 
the drop). If then we can get the weight of the drop we can 
find the pull of the charged body on the electron ; and, when 
we have gotten this, we can calculate what the charge on the 
electron must have been in order that there should be such 
a pull. Everything then turns on getting the weight of the 
drop. The drop is too small to measure, or weigh directly ; 
but, we can dodge that difficulty. We can take away our 
charged body so that the drop starts to fall under gravity. 
Now it is possible to calculate how the rate of fall of a drop 
through the air depends upon the density of the material of 
the drop and upon its size, so that by comparing the rate of 
fall of the small drop with that of another drop of the same 
oil, but of size large enough to measure, we can determine 
the size of the small drop. HaAdng obtained the size we can 
readily calculate the mass. Thus the size of the drop leads 
to its mass. The mass of the drop enables us to calculate 
the pull which the charged body exerted on it when it carried 
an electron and just floated stationary in space. The knowl- 
edge of the pull leads to a calculation of the charge on the 
electron, and having the charge on the electron we can cal- 
culate its mass from a knowledge of the ratio of charge to 
mass obtained as explained above. 

Having obtained the charge on the electron we can go 
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ahead and calculate another very interesting quantity — 
the number of molecules in a cubic centimeter of water, for 
example. In order to get this we must rely upon certain 
well established beliefs as to the way in which the water 
molecule is made up. We believe that a molecule of water 
contains two atoms of hydrogen and one of oxygen. When 
we pass a current of electricity through the water by dipping 
into it two wires connected to the poles of a battery, we de- 
compose it into hydrogen and oxygen, the hydrogen coming 
oS at one of the wires, and the oxygen at the other. Now, an 
enormous amount of evidence drawn from experiments of 
this kind leads us to believe that the water molecule breaks 
up giving us one atom of oxygen carrying an excess of nega- 
tive over positive electricity to the extent of two electrons, 
these two electrons having been robbed from the hydrogen 
atoms. It is because the hydrogen is charged positively and 
the oxygen negatively, that these two gases travel in opposite 
directions in relation to the electron current with the result 
that one gas is deposited at one of the wires and the other at 
the other. Now it is easy to measure the total quantity of 
electricity which must pass through the water in order to 
decompose one gram of it into hydrogen and oxygen ; and, 
for each molecule decomposed there is a contribution to this 
total quantity of electricity of just twice the charge on an 
electron. Hence, if we divide the total quantity of elec- 
tricity required to decompose a gram of water by the quan- 
tity of electricity on two electrons we shall obtain the num- 
ber of molecules in a gram of water. The number, as we 
have already remarked, is enormous, about thirty thousand 
million million million. 

Our first reaction at the thought of measuring a thing as 
small as the mass of an electron is founded on the thought 
of putting the electrons on a balance and weighing them. 
We are immediately impressed with the impracticability of 
any such procedure, and may be led to wonder how it can 
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have come about that anybody could, under any circum- 
stances, have arrived at a measurement of such a small quan- 
tity. Yet, when we look a little more closely into the possi- 
bilities and allow our ingenuity to play its r&le, we see that 
there are many subtle ways such as those outlined above 
which may be made to yield an answer to questions as to the 
magnitudes of these quantities which at first glance present 
the appearance of being infinitely elusive. Indeed we know 
the mass of an electron, and of a proton, and of the various 
atoms of matter with a far greater accuracy than any reader 
of this book in all probability knows his own mass ; and, we 
know the number of molecules in a gram of water with a 
greater accuracy than we know the population of New York 
City. 

Certain Atomic Phenomena Largely Independent of Details 
of Atomic Structure. We are not accustomed to admire 
people who talk a lot without knowing anything. And 
yet, one of the ambitions of the physicist is to be able to say 
as much as possible on the basis of the least amount of knowl- 
edge. Long before we had anything like as much knowl- 
edge concerning the structure of atoms and molecules as 
we have now, we had succeeded in accounting for many of the 
properties of gases by invoking little more than the supposi- 
tion that a gas was composed of a lot of small specks, or mole- 
cules in a continual state of motion which caused them to 
bump against each other and against the walls of any vessel 
which contained them. In this way one could see how it 
was possible to compress a gas to a volume one thousandth 
of its original volume for example. If the gas had been com- 
posed of a continuous distribution of jelly-like stuff, how 
could such compression be possible ? It was possible to see 
how a gas could exert a continuous pressure on the walls 
of the containing vessel ; for the innumerable bombardments 
of the walls by the molecules would produce the equivalent 
of a steady pressure, just as the innumerable bombardments 
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of the grains of sand in a sand blast directed against the hand 
produce the sensation of a steady pressure. It was possible 
to see how the pressure exerted by a gas would increase on 
diminution of its volume; for, obviously the greater con- 
centration of the molecules would result in an increase in 
the number of impacts per second on unit area of the con- 
taining walls. Increase of temperature of the gas was re- 
garded as synon)nnous with increase of the speed of agita- 
tion of its molecules, so that it was possible to see why the 
pressure of a gas increased with temperature. The conduc- 
tion of heat from the hot regions to the cold regions in the 
case of an unequally heated gas was nothing more than the 
mismg of the rapidly moving molecules of the hot regions 
with the less rapidly moving molecules of the cold regions. 
These, and many other phenomena were capable of being 
understood on the view that a gas was composed of a lot of 
rapidly moving molecules. Moreover, it was possible to 
work out exactly the behavior of such molecules, and so to 
predict not only qualitatively, but also quantitatively the 
general behaviour of gases. And all of this was done with- 
out making any particularly detailed assumptions as to the 
nature of the molecules themselves. It is not possible to 
get something out of nothing, or next to nothing, contin- 
ually, however, and the time had to come when in order to 
correlate many of the phenomena which nature presented to 
us, we had to peer into the inner mechanism of the molecule 
and atom. And yet, it is strange that many of those phe- 
nomena by which individual atoms make themselves evi- 
dent to us, are, from the point of view of the atom or mole- 
cule itself, most rare miracles. 

Miracles of Atomic Phenomena. In every cubic inch of 
the air which you breathe there are about ten thousand mole- 
cules which are in a peculiar state. They have lost an elec- 
tron, and are consequently charged to the extent of one pro- 
ton. To us there is no miracle about this matter. I could 
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bring into this room a comparatively small piece of apparatus 
with which, in five minutes, I could measure the number of 
these peculiar molecules. Yet, think what a strange phe- 
nomenon we have here when viewed from the standpoint 
of the molecules themselves. For, that cubic inch of air 
contains about five hundred million million million molecules, 
and only ten thousand of them have lost an electron. In 
other words, out of every fifty thousand million million mole- 
cules only one has lost an electron. If a molecule were to 
go about saying that it had once seen one of its brothers 
which had lost an electron, the story would be less likely to 
be believed than would the assertion by some person that he 
had seen a man with two heads, if he were the only person 
who had seen such a monstrosity during the whole history 
of the human race. Indeed, the assertion in question would 
have a much better chance of being believed than would the 
story told by the molecule which had lost an electron. For a 
molecule would, on the average, have to meet fifty thousand 
million million other molecules before finding one that had 
lost an electron ; and if you could have lived long enough to 
have met all the people who have ever lived in your search 
for the two-headed man, you would probably have met less 
than a million million people. 

We may view the matter from another angle. The 
charged molecules in the air attract each other and so are 
continually coming together and neutralizing one another’s 
charges. It is only because electrons are being continually 
torn from the molecules of the atmosphere that all of the 
supply of charged molecules does not disappear. As we 
have already stated, an important agency responsible for 
tearing the electrons from the molecules of the air is the cos- 
mic radiation which comes to us, probably, from outside of 
our atmosphere. In order to account for the maintenance 
of the observed number of charged molecules in a pure atmos- 
phere it is necessary to suppose that in each cubic inch about 
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twenty or thirty molecules have an electron torn from them 
each second ; and, as a matter of fact we know that the cos- 
mic radiation is capable of accounting for such a result. But 
think what an exceedmgly rare phenomenon this catastrophe 
of the loss of an electron is from the point of view of the mole- 
cules themselves. It is as rare a catastrophe to the mole- 
cules as would be a murder in the realm of mankind if, with 
the population of the earth at its present value, only one 
murder were committed on the whole earth in three hundred 
years. 

Most of the outstanding phenomena of modern physics 
are miracles from the point of view of the atom. The photo- 
electric effect, which is responsible for the operation of the 
photoelectric cell, which in turn is responsible for the wire- 
less transmission of pictures, is the ejection of an electron 
from an atom through the agency of light. We have been 
accustomed to think of an atom as a little solar system with 
electrons revolving aroimd a central nucleus. Now in the 
photoelectric effect, you must think of a light beam shoot- 
ing into an atom and hurling one of these electrons out of the 
atom in some such manner as that in which w>’e might sup- 
pose a flash of light from the depths of mterstellar space to 
burst into our solar system and hurl the earth into outer 
darkness. “The latter idea is a fantastic one,” you will say. 
True, but much less fantastic than the photoelectric effect 
would seem to an inhabitant of an atom if there were any 
inhabitants. For, even if we confine our attention to the 
atoms (they are atoms of potassixun or caesium) which are 
on the sensitive surface of the photoelectric cell, we shall 
find about a hundred million million million of such atoms, 
and even wdth a strong photoelectric effect any one of these 
atoms would, on the average, suffer the catastrophe of the 
ejection of an electron only once in ten million seconds, i.e. 
about 3 times a year. But a year of our time would seem 
very long from the point of view of the atom. Things hap- 
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pen very rapidly on the atom. In the sense that the year 
for an electron of the atom is the time taken for that electron 
to revolve once around the nucleus, one of our years is equal 
to about thirty thousand million million million atomic years. 
Thus, from the point of view of the atom’s measure of time, 
an atom of the sensitive surface of the photoelectric cell 
experiences the catastrophe of the photoelectric effect only 
three times in thirty thousand million million million 
years. Such a phenomenon may well be regarded as 
a miracle. In an incandescent gas, we have been accus- 
tomed to think of the emission of the light as a phenomenon 
accompanying the fall of an electron from some orbit around 
the nucleus to another orbit of smaller size, a phenomenon 
analogous to the fall of Neptune from its present orbit to 
some other nearer the sun. Even in the case of a gas which 
is emitting light copiously, however, the number of atoms 
of the gas which participate in the light emission at any in- 
stant is so small that, to the individual atom the phenomenon 
of light emission must seem as remarkable as the fall of Nep- 
tune from its orbit would seem to us. X-rays are produced 
by the bombardment of the atoms of a certain piece of metal 
in the X-ray tube by high speed electrons. Yet, even if we 
should confine our attention to the particular atoms which 
constitute that particular piece of metal which went into the 
construction of the X-ray tube, for the atoms, the phenome- 
non associated with the emission of an X-ray is such a rare 
one that, if you lived on one of the atoms, participating in 
the pace of life natural to the atom, you would probably be 
put in an atomic mad house if you insisted on suggesting 
that any such phenomenon as the emission of an X-ray had 
ever occurred. 

With what a curious situation we are presented. Here is 
a set of phenomena which constitutes the crucial activities 
upon which modern science is based. The evidence of these 
things is all about us — the phenomena themselves are less 
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obsciure to us than arguments about atoms and molecules. 
Even in the realms of nature’s spontaneous activities they 
play a fundamental part. The emission of light goes on 
ever3rvvhere. The photoelectric effect is continually opera- 
tive in the economy of plant life ; and yet, from the point of 
view of the actual thmgs which are the seat of these phenom- 
ena, from the point of view of the atoms, the phenomena 
themselves are of such rarity that no less drastic a word than 
“miracle” is fit to describe them. Imagine an inhabitant 
of an atom looking out upon the external world and seeing 
a furnace. The phenomenon should surprise him consider- 
ably ; for, he would be imable to explain its activities with- 
out invoking phenomena of such a character as would put 
him in a lunatic asylum if he suggested their possibility. 
And, he would be in the same predicament with regard to 
most of the interesting things which were happening in the 
world. As a matter of fact, if he confined his attention to 
all the phenomena which he would have a reasonable right 
to expect, he would conclude that this world ought to be a 
very uninteresting place. 

The reader may like to allow his mind to play in the re- 
gions of fantasy. He may think of our whole universe as a 
little atom, with its normal occurrences and its miracles. 
And he may then think of some greater universe which is 
made up of smaller universes of the atoms. If the miracles 
of our universe should reflect themselves back upon us 
through the medium of the super xmiverse in the same way 
that the miracles of the atomic universe reflect themselves 
back on the atom, what a strange scheme of philosophy we 
would be involved in ! 

The Classical Laws Governing the Activities of Protons and 
Electrons. We have already had occasion to speak of the 
laws of the activities of protons and electrons ; but, since 
we have so far not pinned ourselves down very de&itely 
as to what these laws are, it may be well to do so now for 
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the purpose of future reference. Within recent years, al- 
most everything has lost respect for its old laws. The artist 
paints pictures which seem as though they are designed to 
irritate followers of old rules and formality. The poets 
write poetry with no rhyme, if with reason ; the musicians 
write music which would cause apoplexy in the creators of 
ancient musical form, and even the electron of today has 
rebelled against the restraint of equations, and, as we shall 
see later, has claimed something of a will of its own. How- 
ever, I wish for the moment to speak of the days when the 
electron was respectable and well behaved, or rather, when 
we thought it was. For I suppose, like most people, he never 
was any better than he is now, even though he seemed to be. 
Well, our fundamental classical notions taught us that elec- 
trons repelled electrons, that protons repelled protons, and 
electrons attracted protons, the forces of attraction or repul- 
sion being in each case inversely proportional to the square 
of the distance between the attracting or repelling entities 
when they were at rest. Moreover the forces acted as might 
be supposed, in the lines joining the particles to each other. 

We speak of the space around a charge as containing an 
electromagnetic field. The lines of electric force due to a 
charge are the lines along which a similar charge at rest, in 
its vicinity, would be repelled by it. When a charge is at 
rest its lines of force travel out radially from it. When it is 
in motion with an unchanging velocity the directions of its 
lines of electric force are unaltered (See Fig. i. A), and the 
intensity of the electric field is unaltered except for velocities 
comparable with that of light, velocities of the order 186,000 
miles per second. The moving charge is, however, accom- 
panied by lines of magnetic force which, in the case of an 
unchanging velocity, form circles around its line of motion 
(See Fig. i, B). These magnetic lines do nothing to an- 
other charge so long as that other charge is at rest. If it 
moves, however, they exert a force on it over and above that 
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exerted by the electric field, a force perpendicular to the 
lines of magnetic force and to the direction of its motion. 
This force due to the magnetic field is the same force that 
we meet with in an electric motor where the wires carrying 
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Lines of Eiectric Force produced by a 
positive charge shown by the black dot 
when that charge is stationary or in 
motion with a constant velocity which 
is small compared with the velocity of 
light. 





Instantaneous view of Lines of Elec- 
tric Force of a charge which has received 
a sudden increase in velocity in the di- 
rection of the thick arrow. 

... Fig. I 



Lines of Magnetic Force produced 
by a positive charge moving with a 
constant velocity in the direction of 
the horizontal arrow 



the current are set into motion by the magnetic field of the 
motor. 

If an electric charge has its velocity changed suddenly, 
a sort of kink is produced iu its lines of force, and this kink 
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travels out along each line of force, the direction of the kink 
being practically perpendicular to the line of force (See Fig. 
I, C). Theory also shows us that this transverse electric 
field, as it is called, is accompanied by a special magnetic 
field. If the charge moves backwards and forwards like a 
pendulum, these kinks are made first to one side and then to 
another, and travel out into space after each other, in the 
form of a wave motion (See Fig. i, D, in which the charge is 
supposed to move back and forth between the positions indi- 
cated by the black and hollow circles). A similar thing 
happens in the case of a charge moving in a circle. If a lot 
of elastic threads were tied to the walls and ceiling of a room 
and their other ends were tied into a knot in the center of the 
room, and if the knot were then caused to describe a small 
circle, waves would travel out along each of the elastic cords 
and the situation would be closely analogous to what we 
should have in the case of the lines of force of an electron 
which was revolving in a circle. 

The great electromagnetic theory invented by Maxwell 
on the basis of the experimental researches of Faraday and 
Henry, tells us the detailed story of the electromagnetic 
fields of moving charges, and among other things we know 
that if a charge sends out waves of this kind into the sur- 
rounding space, those waves carry electromagnetic energy, 
and can only be created at the expense of a continual loss of 
energy of the charge responsible for them. 

Thus, to cite an example, an electron can move around a 
proton in a circle as a planet goes aroimd the sun, the attrac- 
tion of the proton for the electron being balanced by the 
centrifugal acceleration of the latter. Were it not for the 
electromagnetic radiation, the electron could go on moving 
in the same circle forever. On account of this radiation, 
however, it must lose velocity and start to fall into the 
proton by spiralling around in what are practically circles 
of ever decreasing radius. The laws of d3mamics teach us. 
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moreover, that the nearer an electron gets to the center of 
attraction, the greater the number of times it will go aroimd 
per second, so that the more closely packed will be the waves 
which it sends out into the surrounding space. Such a sys- 
tem would not therefore emit radiation of a constant wave 

length, but radiation of a 
wave length which changed 
continually. 

The picture of the elec- 
tric origin of mass on clas- 
sical electrodynamics is of 
interest. Suppose w^e con- 
sider a positive sphere of 
electricity which is suffer- 
ing an acceleration in the 
direction of the arrow, Fig. 
2 . The lines of force from 
some little element O will, 
on account of the accelera- 
tion, be no longer straight 
but bent backwards as in- 
dicated by the curved line 
with an arrow on it, so 
that the element 0 will 
exert on an element P a force which has a component op- 
posed to the acceleration. In a similar way, the element P 
will exert on 0 a force which has a component in a direction 
opposed to the acceleration ; and, indeed, every element of 
the charge on the sphere will exert on every other element, 
a force, which is, in part, opposed to the acceleration. The 
electron will thus create in itself a reaction to increase of its 
velocity, and this reaction being, as the laws of electrody- 
namics show it to be, approximately proportional to the 
acceleration, represents what experiment would reveal as 
the ordinary inertial reaction of the electron. If we divide 
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this reaction by the acceleration we obtain the quantity 
which functions as the electronic mass. There was good 
evidence for supposing that the electron had no other mass 
but this. You may think that this kind of mass does not 
represent the kind of mass that a cannon ball has. Elec- 
trodynamically, however, it is the kind of mass which woxild 
be responsible for hurting your head if a large number of 
electrons made impact with that body ; and, if in line with 
the thought voiced in a previous paragraph on the “ irrele- 
vance of the obvious” you stripped from the cannon ball 
all that seemed substantial but which really was not needed, 
you would find that the mass of the electron, in the sense 
that we have thought of it, had all the potentialities of what 
remained. Reverting then to our picture of this origin of 
the mass of the charge, you will readily agree that, for a 
given total charge, the nearer the individual elements of 
charge are together, the greater this reaction to acceleration, 
so that we might expect that the electromagnetic mass of 
the electron would increase with diminution of the electron’s 
radius for a given total charge. As a matter of fact, a com- 
plete calculation of the effect shows that the effective mass 
is inversely proportional to the radius of the electron. We 
thus arrive at the rather astonishing conclusion that since 
the mass of the proton is about 1800 times that of the elec- 
tron, the radius of the proton must be only about i/i8ooth 
of the radius of the electron. When, in electrodynamics we 
speak of the radius of an electron, what we really mean is 
the radius which a little spherical shell of charge equal to 
that of the electron would have to have if as a result, that 
shell were to be endowed, according to the principles we have 
discussed, with an effective mass equal to that which is ex- 
perimentally measured for it. 

Early Atomic Models. There was a time when the mole- 
cule was defined as the smallest element of a substance which 
could maiatain a separate existence ; and, the atom, as the 
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smallest element of a substance which, although it could not 
maintain a separate existence, could leave a molecule and 
attach itself to another atom or molecule. The unfortunate 
school boy who, in a moment of aberration, allowed himself 
to utter the suspicion of there being anything smaller than 
the atom, was consigned to the oblivion of the hopeless as 
one whose brain had been malformed by nature, so that it 
could never more have a chance of thinking aright. And 
yet, these strange mdivisible things — the atoms — seemed 
to have something to distinguish them from one another. 
They were not all alike. The atoms which went to make up 
a piece of copper produced in that copper a thing palpably 
different from a piece of iron. The complexity of the man- 
ner in which different atoms combined with one another to 
produce all the chemical compounds which we know, called 
for a richness of properties m them suggestive of a structure 
of great complexity. And then, it had long been known by 
chemists that if the elements were arranged in a row in the 
order of the weights of their atoms, the properties showed a 
periodic change. Starting from any one of them, and noting 
some property such as the melting point, for example, the 
property would change as we went along the row, but as we 
continued it would gradually come back to a condition very 
similar to that from 'which we started ; and, as we continued 
our journey along the row, the same story would be repeated 
again and again. The eighth element was in many respects 
like the first, the ninth like the second, the tenth like the 
third, and so on. Such a state of afl'airs pointed not only to 
a varied internal structure, but also to a certain harmony 
in that variation suggestive of some organized plan in build- 
ing the atom. And then, there was another set of phenom- 
ena, which, ever since the time of Newton, had presented 
an increasingly alluring spectacle to the student of natural 
philosophy. I refer to the phenomena attending the emis- 
sion of light. If a beam of light from a glowing solid be 
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passed through a triangular block of glass, it becomes spread 
out into a band of color, a spectrum as we caU it, red at one 
end and violet at the other, with all the colors of the rainbow 
between. We believe, or at any rate, before the days of the 
quantum theory, we used to believe — for now we do not 
know whether to believe it or not — that light is a wave mo- 
tion in that aether of which I have spoken so disrespectfully 
in the last chapter, and which has been supposed to per- 
vade all space ; and, we imagined that each of the indi\’idual 
colors in the spectrum corresponds to a definite wave length 
in that aether. The longest waves which affect our eyes are 
the red ones', whose length is about seven one hundred thou- 
sandths of a centimeter, and the shortest are the violet, with 
a wave length of about half this amount. White light does 
not look as though it had very much color in it; but, as 
everyone knows, if we project a patch of red, a patch of 
green, and a patch of blue from an optical lantern upon a 
screen, and cause them to overlap, we shall find white light 
in the place of overlapping. And, if we take all of the colors 
of the rainbow and mix them together in their proper pro- 
portions, we shall again obtain white light as Newton showed. 
If we strike a single note upon the piano, we get what would 
correspond in optics to a single color of the spectrum. If 
we strike two notes together, we can hear the two notes 
individually; but, I think we are also conscious of some- 
thing else which is the result of a blending of those two notes 
into one sensation in the brain. If we strike several notes 
upon the piano, at the same time, it would require a musician 
of some training to pick out the individual notes; yet, a 
much larger number of people would be conscious of the com- 
bined effect of these notes in the production of a chord. The 
sensation of a chord is analogous to the combination of sev- 
eral colors of the spectrum. If we play all of the notes of 
the piano at once, we get a noise ; and, in the optical analogy, 
white light may be thought of as an optical noise. But, this 
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limited band of wave lengths to which our sight is sensitive 
constitutes only a small fraction of the waves with which 
modern physics deals. Proceeding to that region which lies 
just beyond the red, we encounter waves, which, while they 
do not affect our eyes, will warm a body upon which they 
fall. Proceeding to yet longer waves, waves whose lengths 
are comparable with a centuneter, we begin to encounter the 
outskirts of that region which is concerned with the waves of 
electrical oscillation; and, there is a continuous gradation 
between these and waves comparable in length with a mile, 
which constitute the weaves of wdreless telegraphy. If we 
now start to explore the spectrum in the region beyond the 
\iolet, we encounter the so-called ultra-violet rays, w^hich, 
while we cannot see objects by them, possess the property 
of strongly affecting a photographic plate, and of producing 
marked therapeutic action. Still farther beyond the violet, 
we eventually meet the X-rays, which are of a length of the 
order one thousand millionth of a centimeter, and, as we go 
still farther, we meet types of X-rays which man has not yet 
been able to produce, but which are produced spontaneously 
by the disintegration of the atoms of radioactive substances, 
and. are known as gamma rays. Finally, we have a type of 
radiation which has been brought to light in recent years, 
the cosmic radiation, which possibly consists in part of waves 
whose length is only about the one millionth of the one mil- 
lionth of a rnillimeter, or less, and which, if we are to believe 
Professor Millikan, are the birthcry of atoms born in inter- 
stellar space. Of course we do not get all of these radia- 
tions in appreciable amount from an incandescent solid. 
Those at the twm extreme ends are, as it were, there onlv in 
principle, and in order to produce them or observe them in 
any quantity special means have to be adopted. 

In the case of an incandescent solid, the atoms are com- 
paratively close together, and it is by their mutual influence 
on each other, that we get this continuous band in the spec- 
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trum. Now, it is possible to cause a gas to emit light by 
passing an electric discharge through it ; and, in the case of 
a gas, the atoms are able to act more individually than in 
the case of a sohd, with the result that the phenomena pro- 
duced are more characteristic of the individual atom. The 
spectrum of an incandescent gas no longer shows a continu- 
ous band of color, but only certain definite bright lines cor- 
responding to perfectly definite wave lengths. These lines 
are characteristic of the gas which produces them. We 
have been accustomed to believe them to be determined by 
the vibrations going on inside the atom itself, and therefore, 
to hold, in part, the clue to the unravelling of the structure 
of that atom. 

Another avenue through which the atom voices the story 
of its structure is to be found in those remarkable series of 
phenomena associated with radioactivity to which I have 
already made brief reference in the previous chapter. A 
substance like radium is in a continual state of disintegra- 
tion. The time taken for any given mass of radium to dis- 
appear to the extent of one-half of its value as the result of 
this disintegration is about 2000 years. A gram of radium 
would cost you about $50,000.00, and you would lose about 
one-twentieth of a cent per day as the result of this disinte- 
gration. As the radium dies, it gives rise to another sub- 
stance, a gas, known as radium emanation. This gas is 
much shorter lived than radium. Half of any quantity of it 
disappears in about four days ; and, as it dies it gives birth 
to another substance — Radium A, whose half life is only 
about three minutes. This in turn dies, giving rise to Radium 
B, whose half life is about twenty-six minutes, and so on. 
Now, when one of these atoms dies and gives rise to the next 
in succession, one or all of three types of radiation may be 
emitted. First, we have the alpha particle, a positively 
charged atom of helium moving with a velocity of about 
12,000 miles per second. Then we have the beta particle. 
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which is an ordinary electron travelling with a speed com- 
parable with that of light, a speed of 186,000 miles per 
second ; and, finally we have the gamma rays, to which I 
have already referred, and which differ from what we know 
as the X-rays only in having a shorter wave length, and in 
being more penetrating. Radium itself is produced from 
another radioactive substance, ionium, and this in turn is 
produced from another. The great great grandfather of 
them all is uranium. He is the Adam of the radium family, 
for nobody has found a father for him. He beats Methuselah 
out and out, for it takes five thousand million years to half 
kill him. In spite of this, however, even uranium is nothing 
like as sturdy as most of the elements of lower atomic weight, 
such as copper, iron, and so forth. Indeed, the greater num- 
ber of the atoms of the chemical elements, even if they are 
radioactive at all, die at such a slow rate that nobody has 
been able to prove that they do not live forever. 

One of the first suggestions made for a model of the atom, 
after the discovery of the electron, was that made by Sir 
J. J. Thomson, to the effect that the positive electricity in 
the atom exists in the form of a sphere whose dimensions 
are comparable with those of the atom itself, the electrons 
being embedded in the sphere like plums in a jelly. It was 
supposed that when one of these electrons was displaced 
from its position of equilibrium it executed vibrations about 
that position until it finally came to rest. These vibra- 
tions were supposed to be communicated to the aether and 
to constitute the light emitted b)^ the atom ; and, the advan- 
tage of the model lay in the fact that the vibrations emitted 
under these conditions would not alter in their frequency as 
the amplitude of the motion of the electron died down. Such 
a requirement is very essential if we are to account for the fact 
that the lines of the spectrum of a glowing gas are as sharp 
as observation shows them to be ; and, it is a requirement 
which is not very readily satisfied in other types of model. 


Periodic Classification of the Elements 
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With great ingenuity Thomson proceeded to show how 
such a model could be made to reflect the chemical prop- 
erties of the atoms as we know them. I must remind you 
that the chemist has arranged the elements in a table, Fig. 3, 
in order of their atomic weights beginning with hydrogen, 
the lightest. One of the characteristic features of this ar- 
rangement, which it must be the aim of any theory of atomic 
structure to accoimt for, is the fact that, as we proceed along 
the table in the direction of increasing atomic weight, we 
find a periodic recurrence of properties in the elements. 
Thus, taking lithium (Li), for example, we have an element 
whose chemical properties are very similar to those of sodium 
(Na), and of potassium (K) and of rubidium (Rb) and of 
caesium (Cs) . We have a similarity between beryllium (B e) , 
magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba) 
and radium (Ra), Again we have a resemblance between 
fluorine (F), chlorine (Cl), bromine (Br) and iodine (I). It 
is as though, in the process of buildmg up the heavier atoms, 
certain structures which are responsible for the chemical 
properties reappear agam and again. Now in the Thomson 
atom, the simplest neutral structure would be a positive 
sphere with a single electron inside. This electron would find 
a position of equihbrium at the center. If we should have a 
positive sphere with two electrons in it, these would find 
positions of equilibrium along a diameter at a distance apart 
equal to the radius of the sphere. Three electrons would 
arrange themselves at the corners of a triangle, four at the 
corners not of a cube, but of a tetrahedron. With increas- 
ing numbers of electrons the complexities of the problem 
increase rapidly; but, in order to obtain information as to 
the sorts of arrangements of electrons which might be ex- 
pected, Thomson studied the simplified case in two dimen- 
sions, i.e., the case where the electrons are constrained to 
lie in a plane. It follows mathematically that it is always 
possible to persuade the electrons to remain in a plane pro- 
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vided that they are given a sufficient angular velocity of 
revolution about the center. 

The simplest case is then that of a single electron, which 
will arrange itself as shown in Fig. 4, a. Two electrons will 
arrange themselves as in Fig. 4, 6, three, four and five as in 
Fig. 4, c, d, and e, respectively. If, however, we try to per- 
suade six electrons to revolve in a single ring, we shall find 
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that they will refuse to obey. One will go to the centre, 
and the other five will form a ring around it as in Fig. 4,/. 
Having now paid our tax to the centre, we shall find that we 
can add additional electrons to the surrounding ring up to a 
total of eight. An attempt to add one more electron to 
the ring will, however, result in one electron going inside; 
and, if under this altered condition we try again to add 
an electron to the ring, one more electron will go inside, 
so that, at this stage, we really have two rings. Fig. 4, g, 
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an inner ring containing three electrons, and an outer 
one containing eight. We may now go on adding up to 
ten electrons to the outer ring, after which, the addition 
of one more electron results in an inner ring with four 
electrons and an outer one with ten. The next electron 
goes to the inner ring, and the next to the outer ring. A 
further addition of one electron to the system results in a 
state of affairs in which the electrons can no longer exist in 
two rings at all. One electron goes to the centre, forming 
the embr5^o of a third ring, while the remaining electrons 
arrange themselves in two rings outside. Fig. 4 indicates 
how the process goes on as we add more and more electrons, 
and shows that every now and again, a new ring makes its 
appearance in embryo, and with subsequent addition of 
electrons proceeds to grow up like its predecessors. Thus, 
for example, the three rings of the atom. Fig. 4, A, are like 
the inner three rings of B, while the three rings of C are like 
the inner three of D, and so on. We might naturally expect 
some similarity between the properties of A and B and be- 
tween the properties of C and D. The periodic recurrence 
of the properties of the elements is thus S3nnbolized by the 
recurrence of rings which are alike ; but I must not pursue 
further the ingenious methods by which Thomson en- 
deavored to find in this model a reflection of the properties 
of the elements in their relation to the periodic table of 
atomic weights. 

The characteristic feature of the old Thomson model is 
that, in it, the positive electricity exists in the form of a 
sphere whose dimensions are comparable with the size of 
the atom. Now we have certain means at our disposal for 
getting information as to how the positive electricity is dis- 
tributed. The first of these is to be found in a study of the 
deflections suffered by alpha particles in passing through 
matter. If a beam of alpha particles is shot through a 
thin sheet of matter, the alpha particles which emerge will 
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be found to have all sorts of different directions. We must 
regard this deviation in path as ultimately traceable to the 
deflectiops which the alpha particle has suffered in passing 
near to the charges in the atoms, deflections of the same 
nature as those suffered by a comet in approaching the sun. 
Now, without entering into details, it will be reasonably 
obvious tliat the nature of the deflections, the relative num- 
bers of alpha particles deflected through different angles, 
will depend upon whether or not the positive charge is con- 
centrated in a very small region or is spread over dimensions 
comparable with that of the atom; for, in the latter case 
the alpha particle can never get as near to all of the positive 
electricity in an atom at the same time as it can in the former, 
so that sharp deviations are not as well provided for in the 
latter case as in the former. As a result of experiments 
on the deviations suffered by alpha particles in passing 
through matter, it turns out that we must regard the posi- 
tive charge in the atom as concentrated in a very small 
nucleus. Other evidence leading to the same conclusion 
comes from a consideration of the origin of the mass of the 
atom. We have reason to believe that an atom contains 
comparatively few electrons, that the atom of hydrogen 
contains only one electron, that of carbon twelve electrons, 
and so on. Our evidence for this lies in the fact that if they 
contained many electrons, the effects resulting from the 
vibrations set up m them by the passage of X-rays through 
them would be greater than they are known to be. The 
total mass which it is permissible to assign to the electrons 
in the atom is far too small to accotmt for the weight of the 
atom, so that it is to the positive electricity that we must 
look for the atom’s mass; and, as we have already seen, 
large mass in the case of particles of electricity goes hand in 
hand with very small linear dimensions. 

One of the earliest and most alluring temptations was to 
think of the atom as a little solar system, with a central 


74 The Architecture of the Universe 


nucleus, and with electrons revolving around that nucleus 
as the planets revolve around the sun. We have already 
seen that this picture is attended with great difficulties. 
The ordinary laws of electricity and magnetism demand 
that an electron revolving around a nucleus in this way 
should rapidly radiate away energy into space, should 
approach the nucleus, and eventually fall right into it. The 
situation would be exactly analogous to that which we 
should have in the solar system if the planets had some way 
of losing their energy of motion as they traversed their 
orbits. For example, if the hypothetical aether presented a 
viscous resistance to the passage of the planets through it, 
we should have a situation of this kind. Our earth would 
gradually approach the sun as it moved around it, and it 
would only be a matter of time before it fell right into it. In 
this picture one might well have borrowed the caustic com- 
ment of that Mediaeval Spanish ruler whom I have quoted 
earlier, and remark that were the atoms constituted thus 
one might have given the Deity good advice. I think, that 
were I to preach a sermon designed to emphasize the power 
of a creator, I should not be concerned so much with the 
truth of the first chapter of Genesis. The bald statement 
that the earth was made in seven days does not impress me 
very much. However, I am greatly impressed by the fact 
that the laws of nature seem to have been designed in such a 
way as to produce, on the whole, the most efficient and 
effective results. Had a man set out to design an atom, he 
would have had the very greatest difficulty in designing 
something which was stable, something which did not fall 
to pieces, and yet something which possessed all those po- 
tentialities of activity exhibited by the atom, for example, 
in its emission of light. Even though you had given him 
unlimited latitude to make what laws he wished, so that he 
could patch up his atom to a condition of stability at will, 
he would probably find that it would be very ineffective in 
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some other matter, as for example, in the production of 
X-rays, or in its potentialities as regards combining with 
other atoms to form chemical compounds. Even had the 
human architect been successful in these matters, he would 
have to regard himself as very lucky if the laws which he 
had designed for his atom possessed the potentialities in- 
herent in biological phenomena. He would have to have 
been very far-seeing to anticipate the requirements for the ex- 
istence of a substance like chlorophyll to function in the con- 
version of the sun’s energy into an agency to promote plant 
growth. He would have needed to have drawn very largely 
upon his ingenuity to provide for atoms which, by their 
mutual combination, could produce a substance with the 
properties of protoplasm, or a substance such as that which 
makes the walls of plant and animal cells, a substance per- 
meable to just what it should be permeable to, and imper- 
meable to everything else. In ferreting out the laws of 
nature’s structure, it is not a bad thing to take as a working 
hypothesis that the laws, whatever they are, must be such 
as to produce a good design. If I should meet one who 
thought too lightly of the design of the universe, one who 
pictured it after ail as something not very much to be won- 
dered at, but simply a consequence of the operation of a few 
more or less obvious laws, I should like to ask him to design 
a universe of his own. This is by no means an impossible 
task. Any physicist could design a lot of universes. He 
could formulate laws, such that if they were true, certain 
things would happen in his little creation. Give him, how- 
ever, any latitude which he asks for, in the sense that if he 
shall say such-and-such a thing must go thus, it shall go thus. 
Then, I challenge him to formulate his laws, his requirements 
to be satisfied in his artificial universe, in such a way as to 
produce anything like the richness of content of phenomena 
which he finds in the universe in which he lives ; at least, I 
wiU challenge him to do this with the choice of as few funda- 
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mental requirements, as few fundamental laws, as it seems 
in the present state of our ignorance, may be all that are 
necessary in the grand economy of nature. 

The Bohr Sommerfeld Theory. The fact that classical 
electrodynamics required that a planetary atom should be 
unstable, and should, moreover, emit light of a frequency 
which changed as the electron emitting that light gradually 
lost its energy, presented the most outstanding reason for 
the original avoidance of the planetary picture. The 
Thomson model, invoking the idea of a positive sphere of 
electricity, with the electrons embedded in it, served to re- 
move the difficulty associated with stability, but when it 
became realized that the positive electricity in the atom 
must be regarded as concentrated into dimensions small 
compared with the dimension of the whole atom, there was 
left practically no alternative other than that of a return to 
the planetary ideas, with a decision to see in what way the 
classical electrod5mamic laws could be modified in such a 
manner as to permit of the existence of such a model. And 
then, there was another difficulty. A substance like iron 
has thousands of fines in its spectrum. If each of these 
lines corresponded to the vibration of one electron, we would 
be forced to assume in the iron atom the presence of very 
many more electrons than other lines of evidence would 
lead us to suppose possible for the atom. Now, Niels Bohr 
set himself the task of discovering what modifications might 
be assumed in the laws which govern the activities of electrons 
in the atom in order that they should provide for a consist- 
ent story of the atom’s properties as we learned them from 
nature. The hypotheses invented by Bohr are rather 
drastic in type, but they are simple in form and few in num- 
ber. I can best illustrate them by considering the case of 
the hydrogen atom. According to Bohr, the hydrogen 
atom consists of a single electron revolving about a nucleus 
of positive electricity — a proton ; and, in the normal state 
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of the atom, it revolves at a distance of about one-half 
of the one hundred millionth of a centimeter. Ac- 
cording to the ordinary astronomical law, which is equiva- 
lent to the electrodynamical law for this case, it should be 
possible for the electron to travel in an orbit about the 
nucleus at any distance which we choose to assign, so long 
as it possesses the appropriate kinetic energy. If it happens 
to be in one orbit, and we should give it a knock, we could 
make it travel in some other orbit ; and, by adjusting the 
knocks suitably, we could obtain an infinite variety of orbits. 
Each one of them would, of course, be a circle or an ellipse 
with the nucleus at one focus, but the ellipses could be of all 
sorts of sizes. Now, the first assumption which Bohr made 
was that for some reason or other, only certain definite 
orbits were to be regarded as possible in the atom. If the 
electron were travelling in one of these orbits, you might 
shoot an alpha particle at it, and knock it out of that orbit, 
but the supposition was that when it settled down again, it 
could only settle down in one of the orbits which was pre- 
scribed by Bohr’s law. The various possible orbits were 
related to one another in a manner which is quite simple of 
expression, even though it may be rather artificial in state- 
ment. Confinmg ourselves to purely circular orbits, which 
were the orbits with which Bohr dealt in his original theory, 
let us think of the line joining the nucleus to the electron, 
and of the triangular area which this line sweeps out per 
second, or, since a second is a very long time for the atom, 
let us think of the time swept out in the millionth of the mil- 
lionth of the millionth of a second. The area swept out in 
this time will, of course, increase with the area of the orbit. 
Suppose we label the orbits, one, two, three, etc., starting 
with the smallest. Then Bohr’s first assumption amoimted 
to supposing that the orbits must be such that area swept 
out in orbit 2 is twice that swept out in orbit i, area swept 
out in orbit 3 is three times that swept out in orbit i , and so 
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on. In other words, we can have an orbit which makes 
this area twice, three times or four times the area for the 
smallest orbit, but we cannot have an orbit for which the 
area is two and a half times that unit. Moreover, the small- 
est orbit is assumed to be such that the area described by the 
radius vector per second, when multiplied by 4 x times the 
mass of the electron gives a certain number h, which first 
made its appearance in the theory of heat radiation and has 
since invaded first one branch of physics and then another 
until it has finally assumed a status comparable with those 
of the electronic charge and mass. 

In each of the possible orbits the electron possesses a per- 
fectly definite energy, calculable in terms of the radius of the 
orbit according to exactly the same principles available for 
the calculation of the energy associated with the rotation of 
a planet around the sun. The greater the size of the orbit 
the greater the energy. We can only persuade an electron 
to leave the orbit in which it happens to be revolving at the 
time and go into some larger orbit by giving it energy ; and, 
if it should go from a larger orbit to a smaller one, it would 
have to part with energy. Now the second assumption 
which Bohr makes is that, so long as the electron remains 
in any one orbit, it does not radiate any energy at all. The 
laws of classical electrod3mamics would caU for such radia- 
tion, but Bohr assumes that, for some reason or other, radia- 
tion does not take place. On the other hand, he assumes 
that if one of these electrons, after having been thrown into 
one of the outer orbits, returns to the orbit from which it 
was thrown, or to some intermediate orbit, it gives out the 
whole of its surplus energy in the form of vibrations of defi- 
nite wave-length, determined entirely by the amount of 
energy which has been radiated. He assumes in fact that 
the number of vibrations emitted per second is just propor- 
tional to the energy change, the factor by which we must 
multiply that frequency (or number of vibrations per second) 
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in order to obtain the energy change being the same myste- 
rious constant h, which had already been used in specifying 
the possible orbits, and which as I have already pointed out 
had previously made its appearance in other branches of 
physics. 

The passage of an electron from any one orbit to a smaller 
orbit thus gives rise to a radiation of perfectly definite wave- 
length ; and, in the ideal case, by properly stimulating the 
electron by throwing it out to the various orbits it should be 
possible to cause the atom to emit as many spectrum lines 
as there are possibilities of this kind of passing from one 
orbit to a smaller one. We thus see how it may come about 
that this very simple structure, consisting of no more than 
a positive nucleus and an electron, can give rise to a large 
number of spectrum lines. 

Of course, it is to be distinctly imderstood that Bohr’s 
theory makes no attempt to give what, in the ordinary use 
of words, we might call a reason for the performances which 
are postulated, and it does not describe any mechanism by 
which the radiation is emitted during the passage from one 
orbit to another. In the first chapter of this book, however, 
I have endeavored to emphasize the elusiveness of “ explana- 
tions.” I have endeavored to attune the mind of the reader 
to the attitude that aU explanations go back to certain fun- 
damental h5rpotheses or starting points, and the question of 
whether these starting points are reasonable or not, is a more 
or less vague one, depending upon our attitude of mind, and 
our previous experience. In the line of this reasoning, it is 
therefore not for us to criticize these postulates of Bohr on 
the basis of their artificiality, but we must watch them 
closely to see what consequences they predict. If they are 
fruitful in their consequences, they are good hypotheses; if 
they are unfruitful, if a new hypothesis has to be invented 
for each new fact which has to be explained, then these 
hypotheses are bad ones. 
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Now, even a superficial examination of the light emitted 
by hydrogen gas when under the influence of an electric 
discharge, will show that the spectrum of the gas consists of 
a number of bright fines corresponding to wave lengths 
which are related to each other in a comparatively simple 
manner. These relations have been studied very carefully 
by the spectroscopist ; and, long before he had any theoret- 
ical reason for it, he knew that he could obtain the wave- 
lengths X, of a set of those fines by substituting successively 
the numbers 3, 4, 5, etc., for n in the formula 

109,678(1-^^-,) (i) 

X \4 »7 

Now the different fines which Bohr’s theory predicts as cor- 
responding to the passage of an electron between the various 
orbits are just those which would be obtained by substitut- 
ing the numbers i, 2, 3, etc., for «i and n in a formula of the 
type 

i = 109,678 (i- (2) 

X \«i“ nr/ 

A special case of this is the formula (i), where Wi = 2. This 
is the well known series discovered by Bahner. But Bohr’s 
theory predicted not only this possibility but also the possi- 
bilities to be obtained by putting = i, and constructing a 
series on this basis, and the possibilities by putting ni — 3 
and constructing a series on this basis, and so on. Some 
of the lines and series predicted in this way were known 
before the time of Bohr’s theory, and others predicted by the 
theory have been found since. It is, moreover, a particularly 
cogent argument for the theory that the number 109,678, 
obtainable from spectroscopic data, is correctly predicted 
by the theory, at least to the degree of accuracy with which 
the quantities like the electronic charge and mass occurring 
in the expression of it are known. 
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The next lightest atom to hydrogen is helium ; and, it is 
of interest to inquire as to what the Bohr theory has to say 
in relation to helium. Now I must anticipate something 
which will be referred to later to the slight extent of saying 
that we believe that the atom of helimn contains a nucleus 
in which there are two electrons together with four protons, 
and that around this nucleus two electrons revolve in plane- 
tary orbits. The atom of helium should thus be four times 
the weight of the atom of hydrogen, but the positive charge, 
on its nucleus should be twice that of hydrogen. Here again 
Bohr assumes that there are only certain definite orbits 
which the electron can describe, but the complexities of the 
motions for even this case are so great that the problem 
never reached a final solution. If the helium is subjected 
to a strong electric discharge, however, we have reason to 
believe that an appreciable number of the atoms lose one 
of their electrons; and, under this condition, the system 
which remains should be just like the hydrogen atom, except 
that its nuclear charge would be twice as great. Bohr’s 
theory becomes perfectly specific in its statements for this 
case. The corresponding orbits have exactly half the radii 
that they had in the case of the hydrogen atom, and the 
theory again predicts for the lines, a formula of the type of 
equation (2), with a constant differing from 109,678 by a 
factor of four, a result in beautiful harmony with experi- 
ment. The beauty of this harmony is enhanced still more 
by the fact that it is not quite exact. Let me explain this 
apparent paradox. In the simple theory which leads to 
the factor four, it was assumed that in both the hydrogen 
and helium atoms, the nucleus was so heavy in comparison 
with the electron, that the former remained at rest while the 
latter revolved around it. Of course, when two bodies, A 
and B, are of equal mass, it is no more correct to say that 
A revolves about B than to say that B revolves about A. 
What happens is that they both revolve about a common 
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point half-way between them. Wlien the masses are very 
unequal, as in the case of the sun and earth, or the nucleus 
and the electron, the point about which the rotation takes 
place is very near to the centre of the heavier body. If we 
allow for the actual difference between the point of rotation 
and the centre of the hea\der mass, our formulae are modi- 
fied slightly, and they are modified to an extent which is 
different for helium and hydrogen, since the helium nucleus 
is heavier than the hydrogen nucleus. The result of this is 
that the numerical factor which occurs in the formula for 
helium should not be just four times 109,678 but 4.001626 
times that number, and this is just what it is. 

Before lea\ing the hydrogen atom, I must refer to one or 
two other matters of very fundamental importance. You 
will observe that so far we have always spoken of the orbit 
of the electron about the nucleus as though it were a circle. 
We know, however, both from theory and from obs'ervation, 
that the orbit of a planet around the sun is, in general, an 
ellipse, with the sun at one focus ; and, only in very special 
cases does this ellipse degenerate into a circle. Our atom 
would, therefore, seem much less artificial if we could per- 
mit the orbits to be ellipses. You will recall that the possi- 
ble circular orbits were determined by the law that they 
were such that if the area swept out per second by the line 
joining the nucleus to the electron in the innermost orbit 
was hl4.Tcm, in the next orbit it was twice this amoimt, and 
so on. Now the laws of nature have been very kind to the 
mathematician in providing for the well-known fact that, in 
the case of elliptic motion about a center of force, O, Fig. 5, 
A, equal areas are swept out in equal intervals of time by 
the line joining the moving particle to the center of force, so 
that if we speak of the area swept out per unit of time this 
has a definite meaning wherever the electron happens to be 
in its orbit. Unfortunately, however, while to fix the area 
swept out per second completely determines the orbit in the 
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case of a circular orbit, it does not do so in the case of the 
elliptic orbit, since, for any given value of this quantity, 
there are an infinite number of different degrees of ovalness, 
or eccentricity as the mathematician calls it, which the orbit 
can have ; and, in each of these orbits the electron possesses 
a different energy. If we should try to build a theory on 
the lines successful for the 
circular orbits, we should 
immediately land ourselves 
into trouble, because the 
passage of the electron from 
any one of the infinitely 
many orbits to any other 
would correspond to a line 
in the spectrum which was 
different from that corre- 
sponding to the passage be- 
tween any other pair of 
orbits, so that we should 
predict spectra with infinite 
numbers of lines instead of 
finite numbers as experi- 
ment requires. If we are 
to have elliptic orbits, we 
must find some further restriction to impose upon them 
in order to limit the number which are to be regarded as 
possible. Now Professor Arnold Sommerfeld has expressed 
this restriction in a very beautiful way. In its mathematical 
expression it is very closely bound up with the first restric- 
tion. In fact, both restrictions are separate aspects of a 
more general restriction which is expressed in Sommerf eld’s 
mathematics. Unfortunately the mathematical principles 
involved are too complicated for me to express them here 
in such a way as to bring out the harmony of this relation- 
ship. I can, however, teU you of this second condition in a 
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manner which is very simple of expression but which, as a 
sort of penance for the simplicity of its expression, hides 
from you the beauty of its relationship to its fellow. The 
first condition is similar to that for circular orbits, and states 
that the area swept out per unit time by the line joining the 
nucleus to the electron must be iV'/z/4xw where N is an 
integer. The second condition, which serves to fix the 
ovalness of the orbit, amounts to this. Suppose we consider 
the elliptic orbit in question, characterized by the integer 
N as regards the area swept out per second. Let us draw 
a circle about the ellipse in such a way as to just inclose the 
major axis. Then, the ellipse must be such that the ratio 
of QP to PO, Fig. 5, B, is the ratio of some integer number 
to the number N. With this restriction we limit ourselves 
to a much smaller number of possible orbits. There are 
many more than in the case of the circular orbits ; but, for a 
curious reason, resulting from the fact that they do not all 
correspond to different energies, the situation is not greatly 
complicated thereby. Fig. 6 represents the possible orbits 
for the case of hydrogen. It is customary to speak of each 
of these orbits as corresponding to a certain energy level, 
meaning thereby the energy of the electron when in the 
orbit. In the figure, orbits which correspond to tlie same 
energy are represented by a pair of numbers which add up 
to the same value. Thus, the orbit 4.0 is one corresponding 
to the same energy as the orbit 3.1, or 1.3. As a matter of 
fact, this particular notation is designed to bring out certain 
other features of significance in these orbits, features which 
have to do with the more detailed description of the theory 
which it is inappropriate for us to enter into here. Now 
corresponding to the lowest energy level we find only one 
orbit, a circle, and the same circle as we encountered in the 
simple theory which confined itself to circular orbits entirely. 
Corresponding to the next energy level, which is again the 
same as in the case of purely circular orbits, we find two 
orbits, a circle and an ellipse. Corresponding to the next 
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energy level, which is the same as the third level for purely 
circular orbits, we find one circle and two ellipses, and 
so on. 

Carrying over the assumptions of the original Bohr theory, 
we have to recognize that whenever an electron passes from 
one energy level to a lower one, it emits radiation of a fre- 
quency determined by the difference of the energies. Now 



the number of different energy states is no more than it was 
on the simple theory of circular orbits. It is true that any 
given energy level may be realized in several ways, in an 
ellipse of one or of another kind, or in a circle ; but, so long 
as we believe the Bohr h3q)othesis, any pair of orbits is 
equivalent to any other pair having the same corresponding 
energies, as regards the frequency of the light emitted when 
an electron passes from one member of the pair to the other. 
We thus see how this extension to elliptic orbits, while 
greatly enhancing the logical beauty of the scheme, is not 

* Copied from Foote and MoFler, T/fe Origin of Spectra^ Chemical Catalog 
Company, Inc. ■ 
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attended by a destruction of the valuable features presented 
by the simpler model with circular orbits. 

Once again, however, the foundations of the more com- 
plete theory receive a more complete justification from the 
fact that they are not quite correct. The matter of the 
relation between the numerical factors in the formula for 
the hydrogen and helium lines becomes satisfactorily taken 
account of, as in the simpler model for circular orbits, by 
recognition of the fact that the nucleus does not remain 
absolutely fixed during the revolution of the electron ; but, 
there is something else. Electrodynamics and the theory 
of relativity alike support the conclusion that the mass of an 
electron experiences a very slight increase as the velocity of 
the electron increases. This increase mounts to an infinite 
extent for an electron which approaches the velocity of light ; 
but, for velocities as great as twenty thousand miles per sec- 
ond, it only amounts to one-half of one per cent. The veloc- 
ities of the electrons in their orbits are sufficiently great to 
cause this variation of mass with velocity to play a small 
part in the dynamics of the system; and, the important 
thing which results is this : if we pick out all those elliptical 
orbits which on the basis of neglect of change of mass with 
velocity corresponded to the same energy level, these orbits 
will, with the change of mass with velocity taken into ac- 
count, have very slightly (Efferent energy levels. Now what 
will be the result of this? Let us concentrate our attention 
on the two orbits, (2.0) and (i.x), whicdi in the absence of 
this relativity correction had next to the lowest energy level, 
and the three orbits, (3.0), (2.1), and (1.2), which xmder that 
condition had the energy level next but one to the lowest. 
In the absence of the relativity considerations, the frequency 
emitted by an electron was the same in a fall from (3.0) to 

(2.0) as from (2.1) to (2.0) or (1.2) to (2.0), or from (3.0), 

(2.1) , or (1.2) to (i.i). With the relativity correction taken 
into account, however, the energies corresponding to (3.0), 


The Nature of Matter 


87 


(2.1), and (1.2) will be slightly different from one another, 
and the energies corresponding to (2.0) and (i.i) will be 
slightly different from each other, so that there will be a 
slightly different change in energy in falling from (3.0) to 
(2.0), from what there will be in falhng from (3.0) to (i.i), 
for example. Where, on the simple view, we got but one 
line in our spectrum corresponding to the fall of an electron 
between these two energy levels, we now get several, differ- 
ing from each other by very small amounts. The theory 
thus leads us to believe that if we should examine the lines 
in the spectrum of hydrogen with sufl&cient care we should 
find that they consist of a number of separate lines very 
close together. This is exactly what experiment reveals; 
and the measurement of the small separations of these lines, 
and their comparisons with the predicted amounts, resulted 
in what appeared to be the most beautiful verification, not 
only of the Bohr-Sommerfeld theory, but also of the con- 
clusions which the theory of relativity has suggested for the 
change of the mass of the electron with velocity. 

Turning now to atoms more complicated than hydrogen, 
we must make a slight digression to discuss their structure 
before speaking of the significance of the Bohr theory in 
relation to them. One of the greatest steps in the elucida- 
tion of the structure of the atom was made, when, in 1913, 
Moseley examined the so-called X-ray spectra of the ele- 
ments. It would take us too far afield to enter into the 
details of Moseley’s experiment ; but, it will suffice to say 
that, by stimulating the electrons in the atoms of different 
substances by means of X-rays, he caused those electrons 
themselves to emit X-rays whose properties he examined, 
and he found that his experiments received a simple inter- 
pretation on the assumption that the net charges on the 
nuclei were proportional to the numbers which would be 
obtained by arranging all the atoms in a row in the order 
of their atomic weights, and then numbering them according 
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to the position which they occupied in this row, starting 
with hydrogen, the lightest. In other words, if we should 
call the charge on the nucleus of hydrogen e, that on the 
next heaviest element, helixun, would be ae, that on the next 
heaviest 35, and so on. The number which designates the 
charge on the nucleus in terms of the charge on the nucleus 
of hydrogen, or, if you will, the number which designates 
the position of the atom in the row, is called the atomic 
number, and the nucleus of hydrogen itself is the proton. 
With the hydrogen atom consisting of a single proton with 
an electron revolving around it, we might naturally suppose 
that the next simplest atom, the atom of helium would con- 
sist of two protons with two electrons revolving around 
them. However, the helium atom is four times as heavy 
as the hydrogen atom, instead of twice as heavy. For this 
reason it is necessary for us to assume that there are really 
four protons and four electrons, but that two of the pro- 
tons are neutralized, as regards their external effect, by two 
electrons which live together with them in the nucleus. The 
remaining two electrons revolve in planetary orbits around 
the nucleus, and are responsible for most of the things which 
the atom does. It turns out that a similar assumption is 
necessary in the case of all the atoms. They are all just 
about twice as heavy as they would be if they had just 
enough protons in their nuclei to provide for the nuclear 
charge, and no additional ones neutralized by electrons. 
We are thus driven to believe that approximately half of the 
total number of electrons in any atom exist in planetary 
orbits, while the other half reside in the nucleus and there 
neutralize an equal number of protons. 

Atomic Energy and the Transmutation of the Eluents. If 
we add one proton to the nucleus, we increase the atomic 
number by imity. If, however, we add a proton and an 
electron together, we do not change the charge on the nu- 
cleus at all. Its atomic number is the same as before, and 
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the electrons describing orbits around it are quite unaware 
of the change which has taken place. The weight of the 
atom wiU, however, be changed. In so far as we believe 
that the chemical properties of the atoms, their spectra, 
their behavior as regards X-rays, etc., and indeed, almost 
everything we can observe about them are determined by 
the orbital electrons, and since, as regards these, the nucleus 
figures only with respect to its net charge, we see that the 
addition of an equal number of protons and electrons to the 
nucleus would result in an atom which differed from that 
from which it was formed in no respect which we could 
observe, other than in the matter of its weight. Atoms 
which differ only in this way are called isotopes of each 
other. It is practically impossible to separate them chem- 
ically, because they are absolutely alike as regards their 
chemical reactions. Only by the utilization of some process 
which makes use of the differences in the atomic masses is 
it possible to separate them. 

It turns out that a substance like mercury is composed of 
six isotopes, so that the atomic weight which the chemist 
has given us is a sort of average, depending upon the relative 
amounts of each of these seven isotopes present. Now 
when we make due allowance for all this, a very remarkable 
result follows. It had been noted by Prout, more than a 
hundred years ago, that the weights of the atoms were very 
nearly whole number multiples of the atomic weight of 
hydrogpn, suggesting thait hydrogen might be a fundamental 
unit out of which the other atoms were built up. Thus, if 
we callhydrogen unity, oxygen is very nearly sixteen, nitrogen 
is very nearly fourteen, and so on. There were, however, 
many notable exceptions like chlorine, which has a weight 
35.5 times that of hydrogen, and the accuracy of present- 
day chemical measurements is, of coxnrse, such that it is out 
of the question to suppose that this could be a mistake for 
either 35 or 36. Now it turns out, that when we speak of 
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the atomic weights of the individual isotopes which we have 
been able to separate, and not of the average atomic weights 
of mixtures of them, we obtain values which are very accu- 
rately multiples of one single unit, that unit being approxi- 
mately the atomic weight of hydrogen. It had already 
been surmised that the electron was one of the fund3,mental 
bricks of which the atoms were built. The fact that the 
weights of the pure atoms, the isotopes, were found to be 
integral multiples of one single unit, combined with the in- 
ference to be drawn from Moseley’s experiment gave us the 
strongest evidence for the belief that the proton, the nucleus 
of the hydrogen atom, was another fundamental brick, and 
that the nuclei of all of the atoms may be regarded as made 
up of the constituents of the atom of hydrogen. The recent 
importation of the neutron into atomic physics has enriched 
to some extent the details of the picture, but without alter- 
ation of its fundamentals provided that a neutron be re- 
garded as a combination of a proton and an electron. 

The elementary textbooks often define “mass” as the 
amount of matter in a body, a definition which shows less 
content the more one examines it. In dynamics, mass is 
accorded a more definite significance. This is no place to 
enter upon careful definitions of dynamical concepts, and it 
win serve our purpose to regard the mass of a body as meas- 
ured by its weight. Now the researches of modern physics 
have taught us a very remarkable thing about mass. We 
know that the mass of a body depends upon its velocity to 
a slight extent, and that if we increase the energy of a body 
by imparting motion to it, we increase the mass in propor- 
tional amoimt. In fact, the increase of mass is equal to the 
increase of energy divided by the square of the velocity of 
light. We have come to extrapolate this idea beyond the 
region which gave it birth, and to think even of the mass 
which a body possesses when at rest as symbolic of and pro- 
portional to the amount of work, in the dynamical sense. 
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which has to he done in bringing its parts together from an 
infini te distance against the forces which they exert on 
one another. When a proton and an electron stand far apart, 
the mass of the two together equals the sum of the masses 
taken separately. As we cause them to approach each 
other, however, they do so under the well-known condition 
of conservation of energy. When near together, their mu- 
tual potential energy is diminished, but their kinetic energy 
is increased in corresponding amount. If we should now 
bring them to rest by robbing them of that kinetic energy, 
the total energy which they would possess would be less 
than when they were separated far from each other, and we 
believe that the quantity which we should measure as the 
combined mass of the two would then be less than it was 
when they were far separated, and less in exact proportion 
to the energy which had been lost. We go even further 
than this. If the electron should run right into the proton, 
causing a mutual annihilation of the two, so that there was 
nothing left to have any mass at all, we suppose that the 
mass of the system still would live, but that it would live 
in the form of radiant energy sent out from the seat of the 
catastrophe at the instant when the electron and proton 
dissolved into each other. 

On such a view as the foregoing, we have to realize that 
the nuclei of the atom may be endowed with peculiar poten- 
tialities depending upon their structures. Thus, consider 
the nucleus of some heavy atom which contains many elec- 
trons and protons, and suppose that some demon were able 
to pick out the electrons and protons and arrange them into 
several nuclei of atoms of lower atomic weight, or suppose 
that he should construct with them only one nucleus corre- 
sponding to an atom of smaller weight and throw his surplus 
electrons and protons off into space. If it should so happen 
that the mutual relations of the electrons and protons in the 
nudeus of the original atom were such that the mass of that 
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nucleus was greater than the combined masses of the protons 
and electrons in the new atom which had been constructed 
from them, taking into account any separate electrons and 
protons which had been discarded in the process, tlien our 
demon would, in his operation have succeeded in annihilat- 
iag a certain amoimt of mass as such ; and, we believe that 
this mass would pass off into space in the form of energy, 
either of the radiant form or in the form of the kinetic energy 
of some of the material particles concerned. The total 
energy evolved is equal to the product of the loss of mass 
into the square of the velocity of light. In accordance with 
the principles set out in the previous section of this chapter, 
we believe that this energy which departs in the form of 
radiation, goes off as a “quantum” of definite wave length, 
a wave length corresponding to a frequency of vibration 
equal to the energy radiated divided by the mysterious con- 
stant “/j” introduced into atomic physics by Max Planck. 

We have stated that the masses of what I may call the 
“pure atoms,” the isotopes, were found to be integral mul- 
tiples of a fundamental unit. But a reservation must now 
be made on this statement ; for as the measurements be- 
came more and more refined, particularly in the hands of 
Dr. Aston, it was found that the law was not strictly true. 
It was true enough to leave no doubt as to the conclusion 
which it had suggested to the effect that all of the atoms were 
built from similar units, but it was not exact within the 
limits of Dr. Aston’s experiments. There was evidently 
something else to be considered. Starting with hydrogen, 
and going up the scale of atomic weights, the atoms become 
increasingly lighter than they ought to be according to the 
simple law until elements comparable in weight with iron 
are reached. Then, as we proceed farther along the scale, 
the atoms proceed to catch up more and more in weight. 
We now believe that these differences between the weights 
of the atoms and the weights they would have had if the 
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weights of the protons and electrons in them had just added 
up, are representative of energy losses or gains which would 
be associated with the transmutation from one element to 
another. The “mass defects” as they are called of the 
various atoms are quite small, so small that the highest 
precision of experimentation is necessary to measure them, 
but their equivalents in energy are considerable, since to 
get the energy from the mass we have to multiply by the 
square of the velocity of light, a quantity equal to about 
nine hundred million million million in the units which 
physicists are accustomed to use. Thus, if we could take 
the electrons and protons in four atoms of hydrogen, and 
could persuade them to recombine so as to produce a helium 
atom — there would be just enough electrons and protons 
for the purpose — we should find a loss of 0.8 of one per 
cent in mass. The conversion of a gram of hydrogen into 
heliimi would involve a loss of 0.008 gram of mass. On 
multiplying this by the square of the velocity of light, how- 
ever, we find that the corresponding energy evolved would 
be enough to raise one and a half million kilograms of water 
from the temperature of melting ice to the boiling point. 
As a matter of fact, the change from hydrogen to helium 
represents one of the most potent sources of energy to be 
imagined as resulting from the transmutation of the ele- 
ments. Perhaps the most drastic conversion of mass into 
energy which has been conceived is that resulting from the 
mutual annihilation of protons and electrons — a possibility 
which has been suggested by Sir James Jeans to account for 
cosmic rays. If all of the protons and electrons in a single 
drop of water could be made to annihilate one another, the 
energy evolved would be sufficient to supply 200 horse power 
for a year. The alchemists of old hoped to convert lead 
into gold. They wanted the gold. They little realized 
that if they could have performed this feat the energy 
evolved in the production of an oimce of gold from lead 
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would be enormously more valuable than the ounce of gold 
itself. 

It is the nucleus which differentiates one atom from an- 
other. To change it would be to change the atom; and, 
until comparatively recently, the nucleus had resisted all 
attempts of man to disintegrate it. Of course, when a 
radium atom shoots out an alpha particle and becomes an 
atom of radium emanation, we have a case of such a change, 
a real formation of one kind of matter from another. Even 
in the case of the radium atom this is a comparatively rare 
event. For although a gram of radium shoots out thirty- 
seven thousand million alpha particles in a second, that gram 
contains about three thousand million million million atoms 
of radium, so that the average life of an atom is about 3000 
years. We should regard any concern whose constitution 
remained fixed for 3000 years as a pretty stable sort of a 
concern. Most of the atoms are very much more stable than 
radium, however, so stable that we cannot tell whether they 
would ever break up, in spite of the fact that the sensitivity 
of our measurements is such that we can tell that an atom 
of uranium, for example, does occasionally break up, although 
the average life of the uranium atom is of the order of ten 
thousand millidn years. 

Such disintegrations of the atomic nuclei as we meet with 
in the case of radioacthdty are of a kind out of the control 
of man. There is nothing which we can do to hasten or re- 
tard them ; and, for a long time the nucleus of the atom re- 
sisted all attempts of man to change it in any way. Within 
recent years, however, this last fortress guarding the se- 
crets of the atom has been subjected to successful attack. 
In the very literal sense of the word, it has been bombarded. 
The guns have been atoms of radium C, and the cannon balls 
have been alpha particles shot out of them. An alpha par- 
ticle is a very concentrated source of energy. Mass for 
mass, its energy is 400 million times that of a rifle bullet. 
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If we fire an alpha particle into a piece of matter there is a 
chance that it will suffer a sufficiently good head-on collision 
with the nucleus of an atom to disrupt it. The chance of its 
doing this is not as great as you might think at first sight ; 
for, as we have already seen, the space within the atom is 
about as empty as our solar system is. The distances of the 
protons and electrons from one another are very large com- 
pared with their dimensions, so that while there would he 
but little room for the penetration of large things, there is 
plenty of room for small things. In fact, a good head-on 
collision of an alpha particle with a nucleus is a very rare 
occurrence. In most cases the nucleus of the alpha particle 
does not pass near enough to the nucleus of another atom 
which it approaches to do more than shake it, as a comet 
passing through our solar system might shake the sun. 
However, Lord Rutherford found that if he shot alpha par- 
ticles through thin sheets of matter, a certain proportion of 
them made sufficiently violent collision with the nuclei to 
disrupt them, and hurl out from them atoms of hydrogen. 
Of course, even in this case, the energy of the alpha particle 
has come from the radioactive atom which fired it. Its 
energy has not been imparted to it at the will of the investi- 
gator. Within the last few years, however. Doctors Cock- 
croft and Walton have found it possible actually to disinte- 
grate many of the atoms by firing at them protons whose 
velocities had been created in the laboratory. Thus lith- 
ium has been converted into helium by such bombardment. 
It is believed that the process involves the capture of a pro- 
ton by a lithium atom followed by the subsequent disinte- 
gration of the entity formed into two charged atoms of he- 
lium. So far the amount of transmutation has been very 
small. Only one in every hundred million protons was 
fortunate enough to be aimed sufficiently directly at the 
lithixim nucleus to result in disintegration. The beam of 
protons used was such that about three million million pro- 


96 The Architecture of the Universe 


tons struck the lithium per second so that about thirty thou- 
sand lithium atoms were broken up per second. This is a 
large number, but it represents a very small mass. For, at 
such rates of disintegration it would take a million mil- 
lion years to disintegrate a third of an ounce. However, 
the sleuths of experimental physics are hard on the track 
of methods for producing intense beams of high energy 
charged particles. Professor Lawrence of the University of 
California has devised an apparatus for giving to dense 
beams of protons and other heavy charged particles ener- 
gies comparable with those obtainable under electric ten- 
sions of several million volts, and with it has caused trans- 
mutation in several elements in ever increasing amounts. 
Dr. Van de Graaff, at Princeton and at the Massachusetts 
Institute of Technology, has devised an apparatus estimated 
to be capable of giving to electrons energies comparable 
with those obtainable with ten million volts. Physics is 
now well launched upon the next great stage of its attack 
upon the mysteries of nature. The nucleus has withstood 
assault for many years ; but, in the experiments of Cock- 
croft and Walton, the physicist has tasted the blood of con- 
quest. Bigger guns are being built for the attack, and who 
knows but that in time we may realize in a practically usable 
sense the dream of the alchemists, the transmutation of the 
elements, and with it the still more dramatic hope, the utili- 
zation of atomic energy in the service of mankind. 

Limitations of the Bohr-Sommerfeld Theory. We have dis- 
cussed the significance of the Bohr theory chiefly in relation 
to hydrogen and helium. The question now arises as to 
what becomes of it when applied to the more complicated 
atoms. Here we meet with problems of great complexity. 
We are encouraged, however, by the fact that the spectra 
of even the heaviest atoms do not exhibit an infinite degree 
of complexity, so that in order to account for the compara- 
tive simplicity which is found, nature must have held her- 
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self within bounds, and must not have striven too hard to 
present to poor man problems which would bafBe him com- 
pletely. The ideas applicable to the simple atoms were 
extended by Bohr to the more complex, and briefly the situa- 
tion is this. We have in each atom a number of orbits 
which the electrons can describe, each corresponding to a 
definite energy level. In the normal state, the electrons 
occupy certain of these orbits, there being one orbit for each 
electron. In the simplest atom, hydrogen, this orbit is the 
innermost orbit, but in the more complex atoms, orbits 
which are not the innermost may be occupied by the elec- 
trons. By subjecting the atom to an external stimulus, as 
by shooting a rapidly moving electron into it, or by violent 
temperature agitation, electrons in the atom may be removed 
from the orbits which they originally occupied and caused 
to move in others in which they move with higher energy, 
but from which they tend to fall back as soon as possible to 
the normal state. The return to the normal state is not 
supposed to take place necessarily in one jump. Inter- 
me^ate orbits may be occupied temporarily in the process. 
In the process of passing from any one orbit to an 
orbit of lower energy, the surplus energy is given up in the 
form of what is called a “Quantum” of radiation of a per- 
fectly definite wave-length characteristic of the energy 
change which has taken place. Electrons which are re- 
moved from inner orbits of heavy atoms, and fall back to 
such orbits, give out a large amount of energy in so doing ; 
the waves which they emit are very short, and constitute 
the X-rays. Thus the Bohr picture ties up the emission of 
X-rays with that of light, and shows us all of the radiations 
as simply difierent members of the same family. Our eyes 
fail to perceive X-rays, not because of any fundamental 
difference between their nature and that of light, but simply 
because the eye is not attuned to their reception. If you 
sing a note into the piano you will frequently hear the piano 
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giving forth that note again. The piano is able to respond 
to the note which it itself can emit. If, however, you should 
sing into the piano a note which was not in its compass, it 
would fail to respond. So the eye has a certain range of 
vibration to which it is capable of responding, and outside 
of which it has not powers of direct perception. The Bohr 
theory gives no picture of the nature of the quantum which 
is emitted by the atom. It disclaims all responsibility for 
it, once it has departed. Indeed, it does not even acknowl- 
edge its existence in the atom itself. When an electron 
suffers a transition in an atom, and you ask the atom what 
has become of the energy, it can simply reply : “A quantum 
got it” ; and if you ask it what a quantum is, it can only 
answer: “The thing which comes occasionally and takes 
away my energy.” 

The Bohr theory gave a wonderful impetus to scientific 
thought, and enabled us to see the relationship between all 
sorts of things whose connection was before obscure. How- 
ever, it was obvious almost from the beginning, that it did 
not contain within itself the complete story of all that hap- 
pened. The problem of what takes place when two bodies 
are thrown into space and allowed to move under their mu- 
tual influence according to the law of gravitation, or to any 
other law following the inverse square form was solved by 
Newton ; but, the problem of what happens when even three 
bodies are left to their mutual influence has never received 
a complete solution in the ordinary sense of the word. You 
can well imagine, therefore, the difficulties besetting the 
mathematician when he is confronted with the problem of the 
motion of an electron in an iron atom, where there are twenty- 
eight electrons, all having a say in each other’s doings. 
Now, of course, we should not be justified in discarding a 
theory because it presented problems too difficult for a 
mathematician to solve ; but, it appeared that when we 
came to the more complicated atoms, the very laws which 
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served to restrict the planetary orbits to those which were 
to be regarded as possible for the atom, ceased to have 
definite meaning. The atomic lawyers found them beset 
with a multitude of ambiguities, and there was no supreme 
court, animate or inanimate, which was able to give a deci- 
sion upon the matter. Then, there was something worse ; 
for, it appeared that even though we could, by some means 
or other, overcome these ambiguities, the spectrum which we 
should predict for the atom would be more complicated than 
that found in nature. Then, again, there were certain other 
matters to which the Bohr theory, at least in its simplest 
form, gave no answer at all. Not only are the wave lengths 
of the spectrum lines emitted by an atom related in an 
orderly and systematic manner, but the intensity of light 
coming out in the different lines is also governed by some 
sort of law, and concerning this the Bohr theory gave no 
information. Bohr himself endeavored to bridge this gap 
by an ingenious procedure which took the form of what is 
known as his “correspondence principle.” The old classi- 
cal picture, according to which the electrons would emit 
radiation while traveUing in their orbits was quite unsatis- 
factory and impossible for the reasons I have already stated. 
However, it did have power to tell a fairly definite story as 
to the intensities of the various spectrum lines which would 
have been emitted under these circumstances even though 
the story were wrong. It so turned out, however, that the 
story in question was not entirely wrong ; and, indeed, there 
was enough that was right in it to cause Bohr to formulate 
a rather curious procedure for calculating the intensities of 
spectral lines on his own theory by making use of what they 
would have been if matters had gone on according to the 
other discarded theory. Of course, one’s logical intuition 
tends to revolt against a procedure in which one calculates 
something by setting up a correspondence with what would 
have happened in another case if something had happened 
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there which does not happen. However, we should not 
have allowed ourselves to forsake the correspondence prin- 
ciple, for this reason alone ; but, it appeared that here again, 
it was only in very simple cases that the principle was able 
to speak with defimiteness, and without ambiguity. Now, 
indefiniteness and ambiguity are things which may not long 
be tolerated in science. We cannot settle ambiguity by an 
appeal to a supreme court. Five-four decisions are not in 
order, and in science, we rewrite the constitution in an en- 
deavor to make the situation clear. And so, in the last six 
years, the whole plan of the constitution of atomic structure 
has been rewritten on an entirely new basis. Before at- 
tempting to discuss this revolution, however, it will be desir- 
able to speak of a few other matters of fundamental signifi- 
cance in relation to atomic processes, matters which, more- 
over, seem to stand as almost insurmountable barriers to 
progress in the light of the older theories. 

Waves and Quanta. If we should allow light of one color 
to pass through a slit S, Fig. 7, and fall upon a triangular 
piece of glass of wide angle such as is shown in the figure, and 
then upon a screen we should find that the screen would 
not show a uniform intensity of illumination. There would 
be a bright band at the center O, parallel to the slit S, and 
on each side of this there would be a series of dark and bright 
bands alternating with each other. Phenomena of this kind 
have been known since the time of Newton, and they have 
been among the most outstanding phenomena in support of 
the idea that light was a wave motion emanating from the 
luminous source and passing out into space in all directions. 
Newton was of the opinion that light consisted of corpuscles 
shot out from the light source with very high speed. He was 
unable to accept the view that it was a wave motion because, 
at that time, it did not seem possible to explain by a wave 
motion the production of shadows. If water ripples origi- 
nating from a splash caused, for example, by a stone thrown 
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into water are obstructed in their outward journey from the 
source by a piece of wood, they will not cast a clear-cut 
shadow of the wood, but will bend around into the space 
behind it. So it would seem that light, if it consisted of a 
wave motion, should bend around obstacles in its path, and 
fail to cast sharp shadows. We now know that there is no 



Fig. 7 


difficulty in the matter of shadows even from the standpoint 
of the wave theory. They are a consequence of the short- 
ness of the length of the wave in the case of light. I shall 
not discuss this particular matter further, since it is well 
understood, and presents no point of outstanding interest 
for our present purpose. The existence of such phenomena 
as those concerned with bright and dark bands produced by 
the triangular piece of glass offers a very serious stumbling 
block in the way of any corpuscular theory such as Newton 
proposed. On the wave theory, its origin is delightfully 



simple. Each of the halves of the triangular piece of glass 
produces an image of the slit which would be seen by an 
eye looking from the screen towards the piece of glass. 
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C and Z>, Fig. 8 (where they are represented in plan), as 
sources of light vibrating in harmony with each other, or 
to use the technical mode of expression, vibrating in phase. 
Let us thmk of a number of waves coming out in regular suc- 
cession from each of these imaginary sources; and let us 
think of the crests and troughs of these waves. The words 
crest and trough are not very apt in the case of light waves, 
but their use will, for the present, convey a picture of the 
necessary images without leading us into any error. It is 
obvious that at the point O, Fig. 8, symmetrically situated 
with regard to C and D, a crest from C will arise at the same 
instant as a crest from D. The crests and troughs will be, as 
it were, in step at the point 0. Suppose, however, that we 
go to such a point as P which we shall suppose to be at a dis- 
tance from C greater than its distance from D by an amount 
equal to one-half of a wave length. Then the waves from C 
will arrive at P just half a wave length later in relation to 
those from D. In other words, the light from C will wish 
to produce a trough at P at the same time that the light from 
D wishes to produce a crest there. The result of these two 
influences is a cancellation of the effect, and we get darkness 
at the point P. If now we go a little farther away from the 
point 0, to the point Q, which we shall suppose to be at a 
distance from C greater than that from D by a whole wave 
length, we shall have another state of affairs. The waves 
which arrive from C will be a whole wave length behind 
in relation to those which arrive at Q from D. The waves 
from C and D will therefore be once more in phase. One 
train will wish to produce a crest when the other produces a 
crest, they will assist each other at Q, and there wiU be bright- 
ness. As we go to some other point a little farther from O 
we shall reach a condition where the distance from C to that 
point is greater than the distance from D to it by three-half 
wave lengths, and we shall get darkness. Thus, as will 
readily be seen, we shall get an alternating sequence of 
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dark and light bands. In between the places of maximum 
brightness and darkness, there will of course be regions where 
there is interference to some extent, and where we shall get 
a gradation in light intensity ranging all the way from black 
to the brightness resulting from complete assistance of the 
light from the two sources. It was a matter of most out- 
standing novelty to the philosophers of two or three hundred 
years ago that two lights when added together could produce 
darkness. We see how beautifully, and how very simply, 
such a state of affairs is accounted for on the wave theory. 
Moreover, the explanation on that theory is so direct as to 
leave us with an almost complete conviction that no other 
explanation could satisfactorily account for the matter. 

If a parallel beam of monochromatic light be allowed to 
fall in the direction of the arrow. Fig. 9, upon a glass plate 
ruled with a number of very finely parallel lines, lines spaced 
at a distance of perhaps one ten thousandth of an inch, the 
individual portions of the light coming from the spaces be- 
tween the rulings of these lines will interfere with each other 
in a manner which is similar in principle to, although some- 
what more complicated in expression, than that cited in the 
case of the triangular piece of glass. The net result of this 
interference is to result in there being, after passing through 
the grating, as it is called, a central beam of light which is a 
continuation of the original beam, and a number of side 
beams spaced at angles determined by the wave length of 
the light and by the number of lines per inch in the grating. 
It is gratings of this kind which have been used for the most 
accurate determination of the wave lengths of light of differ- 
ent colors. If white light is used instead of monochromatic 
light, the different colors of which it is composed produce 
their effects independently, the maxima and minima occur- 
ring in different places for each color, so that the grating 
shows colored bands in the case of white light instead of 
bright and black bands. The colors which appear on looking 
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at a street lamp through a fly screen, or even through the 
eyelashes, arise in this way. 

A detailed consideration of the way in which waves of 
light result in the equivalent of the image of an object in a 
lens shows that the image of a point, for example, is not an 



absolute point, but is a bright spot surrounded by rings which 
have their origin in the wave character of the light. The 
stars are so far away that if they could give perfectly sharp 
images in our optical systems, those images would be points 
to within all possibilities of measurement. However, they 
are rather fuzzy points, and the fuzziness results from this 
wave character of the light. A detailed consideration of the 
situation shows that if we have a telescope with a very large 
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lens for an object glass, the fuzziness inherent in the wave 
character of the light will be smaller than for a small objec- 
tive. Thus, for example, if one wished to examine two stars 
which were veiy close together, it would be desirable to work 
with a telescope of large aperture so as to reduce this fuzzi- 
ness. We are accustomed to speak of the “resolving power 
of a telescope,” the term being intended to indicate the per- 
fection of the instrument as regards its power to separate 
two images of stars which are apparently very close together. 
The resolving power of a telescope increases with the aper- 
ture of its objective ; and, without entering into the details 
of the theory, it will be clear that if this is true, as it is, there 
must be some sort of cooperation between the light which 
enters the object glass at one end of a diameter and that 
which enters at the other end of a diameter. If, in viewing 
a star, you should place a screen vdth a hole in it in front of 
the object glass so as to limit the beam of light which fell 
upon it, you would of course sacrifice its resolving power 
because the effective area of the object glass would be 
reduced to the size of the beam of light which happened to 
strike it. Or, if by some means you could persuade the light 
which came out from the star to be confined to a thin beam 
so narrow that it did not fill up the whole of the object glass, 
you would again fail to realize the full value of the resolving 
power of the telescope. If the beam of light were very con- 
tracted in diameter, the resolving power would be very poor 
indeed. The fact that we do really increase the resolving 
power of our instruments by increasing the diameters of the 
lenses shows us that the light which comes to those lenses 
is at any rate uniform in structure over a cross-sectional area 
as great as that of the largest lenses we have been able to 
produce. In other words, it must be uniform in structure 
over a cross-sectional area of at least a square meter. Then, 
in considering the propagation of light in waves, it is of inter- 
est to speculate as to whether the light comes out in one long 
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train which is unbroken for the whole period during which 
the source is emitting light, or whether it comes out in trains 
of waves of limited total length. Returning to the experi- 
ment with the triangular piece of glass, Fig. 7, to which I 
have already referred, you will recall that we obtain a dark 
band at some place upon the screen. Fig. 8, if the distance 
from that place to C is greater than the distance to D by, 
let us say, seven half wave lengths. Suppose, however, that 
the whole wave train comprised only five half wave lengths. 
Then, it is obvious that this dark band would be absent. 
In other words, it is impossible to obtain destructive inter- 
ference of light when the path difference concerned is 
greater than the whole length of the wave train. Now, by 
determining the length of path over which interference may 
be secured, it is possible to arrive at the length of the wave 
train. The experiment suitable for this purpose is not one 
which follows exactly the lines of that cited above, but the 
principle is the same ; and, it appears that the length of the 
trains of waves which constitute light are of the order of a 
meter at least. That is to say, bearing in mind that the 
wave length of light is about five one-hundred thousandths 
of a centimeter, we must realize that the average train of 
light waves contains about two million wave lengths. The 
fact that there is a definite limit to the path difference over 
which the interference of light may be obtained, calls for a 
wave theory almost as insistently as does the other phe- 
nomenon to which I have already referred, concerned with 
the resolving power of telescopes. Combining the informa- 
tion from these two sources, it will be apparent that, in 
thinking of light from the wave standpoint, we have to think 
of chunks whose different parts are in harmony with each 
other in the sense that there is equality of phase over the 
cross-section, and regularity of wave form along the length; 
and the size of such a chunk is such that the cross-sectional 
area is larger than a square meter while its length is of 
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the order of a meter. In other words, the minimum thing 
that we may permit ourselves to think of in the way of a light 
quantum, is something having a volume of the order of a 
cubic meter. On the other hand, there is a whole group of 
phenomena which appear to be totally inconsistent with any 
such point of view. These phenomena are illustrated, for 
example, by the photoelectric effect, that is to say, the ejec- 
tion of electrons from a metal surface as the result of the 
impact of light upon it. To fix our ideas, suppose that we 
should pass a beam of light through a metallic film of about 
the one ten thousandth of a millimeter in thickness. Each 
square centimeter of that film would contain something like a 
hundred million million million electrons ; and, even though 
we should confine our attention to those electrons which are 
most easily ejected from the film, it is probable that we 
should have to deal with about a million million million 
electrons in each square centimeter of that film. Now on 
the wave theory of light there would apparently be no rea- 
son why any one of these electrons should be ejected in pref- 
erence to any other. Yet, even in the comparatively long 
time of one second, a beam of light of reasonably great 
intensity, sunlight, for example, would only eject about 
one ten millionth of this number from each square centi- 
meter. Only an electron here and there is affected by the 
light. On the other hand, those which are ejected from the 
film are thrown out with an energy incomparably greater 
than that which one would expect on the wave theory. 
Thus, the photoelectric effect can be obtained with light 
one hundred millionth of the intensity of sunlight. Even 
if the electron could absorb energy from an area equal to 
a thousand times its own cross-sectional area, light of such 
intensity would, on the wave theory, have to pass over it 
for a hundred seconds in order to give it an energy com- 
parable with that which it attains. Now even in the case 
of the weakest intensities of light with which we deal, the 
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time taken to eject an electron is so small that nobody has 
been able to find a time which is too short for the purpose. 
The net result of these considerations is to suggest that 
the wave mechanism is totally inappropriate for explain- 
ing the facts in the case of photoelectric emission. The 
phenomena here go on in a way which would be very 
much more readily explained on the hj^othesis that the 
light consisted of a number of corpuscles of relatively small 
size, each one being endowed, however, with a correspond- 
ingly large energy in such a manner that the energy of all 
the corpuscles flowing through any square centimeter in the 
cross section of the beam per second would be equal to 
what we call the light energy flow through that square 
centimeter per second. On this view, the rarity of the 
photoelectric effect would be explained by the small chance 
that one of these corpuscles had of hitting an electron while 
passing through the film. On the other hand, the rela- 
tively large velocity imparted to the electron would be 
accounted for by the fact that when a hit did occur, the whole 
of the energy of the light, or at any rate a goodly portion of 
it, would be available to hand on to the electron. A similar 
situation is encountered when electrons are ejected from 
atoms by X-rays ; and here we meet with a situation still 
more favorable to the corpuscular hypothesis. When X-rays 
pass through matter, some of the radiation is scattered just 
as light is scattered in passing through a turbid medium ; 
and, one of the most important discoveries of recent years 
was the discovery by Prof. A. H. Compton of the University 
of Chicago, that the scattered radiation, or rather a portion 
of the scattered radiation, had a wave length which was 
longer than that of the original X-radiation. The scatter- 
ing of the radiation is accompanied by the impartation of a 
velocity to the electron which does the scattering, and Comp- 
ton discovered experimentally how the wave length of the 
original X-ray was related to the direction, and wave length 
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of the scattered X-ray, and to the direction and energy im- 
parted to the electron which did the scattering. Now if we 
assume that what we have thought of as an X-ray is really 
a corpuscle carrying an energy equal to the apparent fre- 
quency of vibration associated with the X-ray multiplied by 
Planck’s constant h, to which I have referred before, and if 
we assume that the momentum of that corpuscle is equal 
to its energy divided by the velocity of light, both of these 
assumptions being of such a nature as to fit many other 
facts of molecular physics, it turns out that the simple 
laws of impact of particles serve to tell the story of the 
scattered X-ray and of the energy imparted to the electron 
responsible for the scattering. Thus, such phenomena as the 
Compton effect, the photoelectric effect, and similar facts 
point as definitely to the suggestion that light and X-rays 
are corpuscles of small dimension and relatively large energy 
as the facts of interference of X-rays and light point to the 
belief that these agencies are really representative of a wave 
motion in space. How are we to reconcile these two views? 
One of the earliest attempts to reconcile them was through 
the supposition that a light beam, instead of having a per- 
fectly continuous wave front was really to be regarded as 
something propagated along a large number of threads, so 
that the wave front or the cross section of the light beam 
would present a sort of speckled appearance. By this means 
we were able to see how the energy of a comparatively large 
area of the wave front could be concentrated in a small cross- 
section so as to provide for the rareness of such a phenome- 
non as the photoelectric effect, and for the concentration of 
energy necessary to account for the large velocity communi- 
cated to the electron when the photoelectric effect did occur. 
If there is a phase relationship between the vibrations com- 
ing along the different threads from the same source, it is 
possible to account more or less satisfactorily for the inter- 
ference of light, provided that we assume a sufficiently large 
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number of threads passing through each square centimeter 
of space. However, we can obtain interference in the case 
of light emitted from the stars. As a matter of fact, the 
potency of a large telescopic object glass in producing high 
resolving power is to be referred to interference between the 
portions of the light which strike the object glass at the two 
extreme ends of a diameter of the lens. If, however, in the 
case of the light thread emanating from an atom in the star, 
the number of the threads is so numerous by the time they 
have reached our earth, that we still find a large number of 
them crossing such a cross section as that of a telescopic 
object glass, it is obvious that there cannot be much energy 
per unit length contained in any one of them, as otherwise 
the total energy emitted per second by the atom in question 
would be enormous. But, to cut down the energy per unit 
length of one of the filaments destroys its possibility as re- 
gards producing in electrons that velocity which we know to 
be produced in the photoelectric effect. Thus, the fila- 
mentary hypothesis while offering temporary relief in some 
of the difficulties encountered, fails to stand the test when 
applied to others. What kind of a thing can this quantum 
be? One is tempted to invent one of those word puzzles 
“ I am wider than a cartwheel, I am skinnier than a microbe ; 
I am shorter than a yardstick, I am longer than a day’s jour- 
ney; I am bigger than a man, I am smaller than a flea. 
What am I?” Answer — “I am a quantum.” 

An attempt to harmonize the activities of the quantum, 
and to show that he is not really leading a double life, has 
been made by a sort of combination of the wave idea and 
the corpuscular idea, so as to give each a partial share in the 
story of what happens. Returning for a moment to the 
experiment cited earlier, in which the large angle glass 
prism was used to produce interference of light, we have 
to realize that when, as a result of that interference, we pre- 
dict darkness at some particular point in space, that means 
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that no light energy from the original source succeeds in 
getting to the point. If we should trace the paths of the 
light energy starting at the source, "we should find that they 
flowed in such a way as to avoid that point, and of course, 
all other points of a similar kind. In fact, the whole of space 
may be mapped out into avenues of light channels leading 
from the source, these avenues being separated by avenues 
of complete darkness. It is obvious that if we should trace 
out these avenues, we should never find an avenue of light 
energy crossing an avenue of darkness. Such a phenomenon 
would constitute an inconsistency in meanmg. These ave- 
nues could be found by tracing out the picture resulting from 
the interference of the waves. When found, however, they 
constitute a picture in themselves, a picture having char- 
acteristics of its own, characteristics which would probably 
give no immediate suggestion of the wave picture under- 
lying them to one who viewed that picture without knowl- 
edge of its mode of construction. In other words, the vis- 
ualization of the whole process in terms of waves is only the 
employment of a mental mechanism to guide our minds to 
the ultimate solution, which is the only thing of importance, 
the determination of the forms of the paths of the energy 
which flows from the source out into space. Suppose now 
that from the source of light, material corpuscles were 
emitted, and that these particles always moved along the 
stream of wave energy. It will be obvious that no particle 
woxfld ever succeed in getting to a place where there was com- 
plete darkness as calculated by the wave theory. More- 
over, as we trace the path of the wave energy it is a com- 
paratively easy matter to show that the way in which the 
intensity of the energy flow in certain places becomes small 
in comparison with its magnitude in other places, is by the 
stream lines of the energy flow widening out. The situation 
is similar to that of a swarm of flies which start off in a par- 
allel beam and then fan out into a cone. The number of 
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flies crossing a unit area in the cone is less than it was in the 
parallel beam, and the more the cone fans out, the less the 
number of flies crossing unit area. If then, the corpuscles 
follow the line of flow of the energy as calculated on the wave 
theory, the density of flux of the corpuscles will be small 
just where the wave energy flux would be small, and in direct 
proportion thereto. Let us now take a rather drastic step 
in our thinking. We have been thinking of the wave energy 
really as energy, but let us say that it is nothing of the kind. 
Let us demote all of these lines of flow of wave energy to a 
sort of ghostly picture, whose fxmction is nothing more than 
that of telling us how the real entities, which are the cor- 
puscles emitted from the light source, travel through space. 
If we can only swallow this philosophic innovation, we shall 
provide for a situation in which the light itself exists really 
in the form of small particles, and we shall have all of the 
advantages of concentration of energy in these particles, 
and rareness of their direct encounter with such things as 
electrons, necessary to explain the fact of the photoelectric 
effect. Yet, their guidance by the ghostly wave scaffolding 
which we must no longer think of as existing in reality, pro- 
vides for their behaving themselves in every way as they 
should behave in interference phenomena, by simply mak- 
ing them fail to go to places where the wave theory would 
have predicted darkness, and by causing them to go to places 
where there is semi-darkness only in proportion as the wave 
theory would have indicated the corresponding intensity 
of light there. You see the wave scaffolding and the light 
corpuscles are somewhat in the position of the army general 
and the ordinary soldier. The army general tells the soldier 
where to go, but it is the soldier who finally does the work 
when work is to be done. It is the light corpuscle which 
carries all of the energy and does all the knocking when an 
electron has to be turned out of a metal, or when any of the 
other things which light does are to be done. Now you will 
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naturally wish to ask how this non-material, spiritual wave 
scaffolding succeeds in guiding the light corpuscles. The 
answer is that there isn’t any “how.” The beginning point 
in the argument is that corpuscles go that way. How else 
might they have gone? Well, one might naturally suppose 
that they would travel out radially in straight lines from the 
light source. Very weU, it is true that this is what might 
have happened ; but, it is just as arbitrary for you to say 
that this is what must happen as it is for anyone else to say 
that after leaving the source, they describe circles. If the 
situation which you might think the natural one had a prior 
claim on the motion of the particles in virtue of some other 
law which we had already accepted for other reasons, well 
and good, we should not be able to superpose upon that law 
the law derived from our wave scaffolding without invoking 
an inconsistency. But, there is no other law in the field; 
so that, it would certainly not be logical to impose one which 
did not fit with the facts simply because we had a notion 
that we liked it, and ignore another which did fit with the 
facts, simply because we did not like it. Of course, I know 
what you are thinking about. You would like those par- 
ticles to go as you think they ought to go, unless I am will- 
ing to provide for some body which constrains them by some 
impelling force to move otherwise. You always wish to 
think of things going in straight lines unless there are cer- 
tain tangible things pulling them away from that path. But, 
everything in nature does not go in straight lines. The 
dancers on a ballroom floor do not go in straight lines ; and, 
while I am perfectly aware of the fact that you may say that 
they really would were it not for something concerned with 
the resistance of their feet on the floor, I would retort that 
this is a little beside the point. They might go in all sorts 
of devious paths concerned with an appropriate adjustment 
of the resistance of the floor, but the fact is they go in cer- 
tain curves which are consistent with the particular type of 
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dance which happens to be under way ; and you would speak 
more to the point by discussing the nature of their motions 
in relation to the principles of that dance than you would 
by talking of the dynamical action between their feet and 
the floor. Of course, you might talk in the latter terms if 
you so wished, but when you put your conclusions on paper 
they would hardly serve as a good introductory treatise to 
the art of dancing. It is true that our knowledge of the 
facts concerned with d3mamics and the friction of the floor 
compels us, in this case, to admit that it should be possible 
to harmonize the dance with dynamics ; but in the case of 
light there is no such necessity. Yet even for light it will 
always be possible, if you so wish, to invent some compli- 
cated system of forces whose introduction will enable you to 
suppose that the particles really would like to have gone in 
straight lines had it not been for these mysterious forces 
which you have set up in space to guide them otherwise ; 
but, these forces will be to you no more than to the heathen 
will be the idol which he sets on his mantel shelf as a visual 
crystallization of the reason for aU of those happenings 
which he does not understand. As a matter of fact, the 
light quanta do travel for the most part in straight lines, 
except in the vicinities of atoms, diffracting surfaces and 
the like. 

The state of optical and atomic theory as we have out- 
lined it so far represents in its broad nature the stage of 
progress reached about ten years ago. Of course, there are 
many ramifications and avenues of special application which 
it has not been possible to discuss ; but, in a general way we 
may say that the picture so far provided represented what 
we had at this time. The whole thing was in a very patchy 
state. I have always been inclined to question the Biblical 
instruction concerning the avoidance of placing a new patch 
on an old garment, thinking in my ignorance that such a 
procedure might be weU advised in certain cases. I have 
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presumed, however, that the advice is given for the sake 
of the old garment in order that what remains shall not be 
destroyed by the too great virility of the new. The evils 
of patching in this respect become well illustrated when we 
consider the case of their application in atomic structure. 
A patch in one place is very apt to open up a seam elsewhere ; 
and, while we may make the individual parts of the atomic 
coat more or less respectable, the thing as a whole does 
not hang together as a credit to the atomic tailor. 

It became evident that although the Bohr-Sommerfeld 
theory had served a purpose of immense value in broaden- 
ing our comprehension of the relation of the various parts of 
atomic physics to each other, a very radical change was 
necessary in order that all of the experimental facts that we 
knew, many of them suggested by the Bohr theory itself, 
should be harmonized into one consistent whole. And so, 
during the last few years there has arisen an entirely new 
attitude of mind towards atomic phenomena. We shall 
attempt to view the high spots of this line of thought in the 
next chapter ; but, it is well to remember that, in science, we 
do not necessarily regard a theory which is officially dis- 
carded as a useless theory. Very frequently it happens that 
the discarded theory is more suggestive and practically appli- 
cable over a limited range than a more ambitious theory 
covering a wider field. An optician makes his spectacles 
according to the geometrical theory of optics, in which 
light travels in rays governed by laws which are only an 
approximation from the standpoint of a more complete 
theory ; but, an optician who refused to make you a pair of 
glasses until all of the problems of refraction were solved 
according to the most modern theories would go out of busi- 
ness ; and, he would probably go out of business if he tried 
to use those more complicated principles for manufacturing 
his glasses even when he had them. 


Chapter IF 

Modern Atomic Theories 

The theories of the atora which have evolved in recent 
years are of such an abstract nature that perhaps a prelimi- 
nary discussion upon the significance of “Reality” is not 
out of place. 

Reality in Physics. I suppose that there are few things 
concerning which one could find so many differences of opin- 
ion as the question of what constitutes a theory in physical 
science. If I go to the pure mathematician and ask him 
what he understands by a theory, he will probably answer 
me in lordly, and you may say incomprehensible, fashion 
thus: “When I seek a theory of material phenomena, I 
first set up a branch of mathematics founded upon certain 
postulates having to do with quantities, letters, etc., that I 
am talking about. In this mathematical scheme, there will 
appear relationships between certain quantities which occur 
in the mathematics, and it will be my hope to invent a scheme 
of mathematics of this kind which shall form an analogue of 
the regularities of nature in the sense that there may be a 
one-to-one correspondence between certain things in the 
mathematics and the observable phenomena in nature.” 
It has been said that the pure mathematician is never as 
happy as when he does not know what he is talking about ; 
and, in the foregoing method, he establishes contacts with 
the physical world with a minimum degree of shock to his 
own conscience, by a procedure in which he ceases to think 
of anything physical until he has completed his mathemati- 
cal structure. He confines all physical contamination of that 
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structure to the act of setting up the correspondence already 
referred to. When the correspondence has been set up, the 
postulates of his mathematics become the laws of nature in 
the physics. It is possible that he may choose his postu- 
lates in various ways. In the journeys which he takes from 
his postulates as starting points, he arrives at multitudes of 
conclusions. He might gather together a suitable collection 
of these at any stage and take them as his starting point, and 
continue his reasoning backwards and forwards over the 
whole realm of logical regularity which he traversed before. 
In his journey through the realm of the abstract mathemati- 
cal thought of his theory, he might stop or start at various 
stations. Where will he prefer to start ? He will probably 
prefer to start at the place where the number of his postu- 
lates is a minimum. To him, a good theory will be one in 
which by saying few things he can deduce, as their conse- 
quence, many things. The value of his theory to the physi- 
cist will lie in the fact that it not only correlates the phenom- 
ena which he, the physicist, has discovered, but suggests 
multitudes of other phenomena which he may look for, and 
also suggests ways of viewing the inter-relationships between 
the phenomena already studied, other than those which he 
has already adopted. The physicist may have taken an 
intellectual journey from the set of phenomena “A” to the 
set of phenomena “B,” analogous to my taking a journey 
from Philadelphia to Washington via the Rocky Mountains, 
California and New Orleans, and the complete mathematical 
structure may show that shorter journeys, analogous to my 
going from Philadelphia to Washington through Baltimore 
could be made. 

The postulates which are agreeable to the pure mathe- 
matician will not necessarily be agreeable to the physicist, 
because the latter thinks that he does know what he is talk- 
ing about and glories in the fact. It will be little consola- 
tion to the physicist to know that by the assumption of few 
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things he may deduce many, provided that he is not content 
as to the reason for those few things. He would like to start 
with the idea that the few things are not purely arbitrary 
postulates but, after all, are very reasonable. He likes to 
adorn those postulates with some kind of a raiment which 
makes them seem as though they had come from somewhere, 
even though he does not know where. When he is pre- 
sented with Newton’s law of gravitation in the cold-blooded 
form that the acceleration of a particle is to be calculated as 
the sum of a number of contributions associated with the 
various elements of matter in the universe, each element 
producing an effect inversely proportional to the square of 
its distance from the particle in question, it is not enough for 
him that in this simple postulate he has said something from 
which very many beautiful things may be deduced. It is 
not enough that this postulate gives for him the orbits of 
the planets, the times of recurrence of eclipses, the times 
when comets return, and a hundred other things. He must 
adorn it with physical significance, so he says that the accel- 
eration is really produced by a force, and, having said this, 
he naturally inquires, “Why should there be a force?” 
“Now,” he says, “I will look for the reason for this force in 
some of the other things that I know about.” And he thinks 
of a piece of elastic, and he sees how that exerts a force, and 
he wishes he could see that force which the planets exert on 
each other as arising in the same way as a piece of elastic 
exerts a force upon a stone which is fastened to one end of it 
when the stone is swung around in a circle with the other end 
of the elastic held in the hand. In the first chapter of this 
book, we have already followed him to the depths of logical 
despair in seeking comfort along this line. He will find 
happiness so long as he does not think too much, but he 
must know just when to stop thinking. 

In order that certain postulates shall be agreeable to a 
physicist of limited sophistication, it is necessary that they 
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shall be of the same kind as those associated with the be- 
havior of circumstances and things to which the physicist 
has become accustomed and which he has been willing to 
accept on the basis of long acquaiutance, ideas formulated, 
probably, at a time before he had decided seriously to think 
about the matter. Then they must be associated with things 
which he calls “real.” And what does he mean by the 
“reality” of things? We get a crude notion of his feeling 
in this matter by asking him to accompany us to a spiritu- 
alistic s&nce and seeing what he is willing to accept as to 
the reality of the ghost. It is not sufhcient that the ghost 
has properties and produces phenomena. It is not suffi- 
cient, even, that the ghost shall produce material phenom- 
ena, such as the ringing of tambourines or the feeling of a 
draft. It is not sufficient that this entity, the ghost, shall 
merely be defined so as to account for all the phenomena 
that we are primarily interested in. It is necessary for his 
reality in the rather ill-defined accepted view of the matter 
that he shall have certain other properties which are not 
concerned with the activities which are the main purposes 
of his function. He must be capable of being seen ; he 
must have weight ; he must be felt when he is touched, etc. 
As a matter of fact, we should be more impressed with a 
ghost who had these properties and who did not do anything 
than we should be with one who was without them but was 
possessed in other respects of all sorts of remarkable powers. 
In our search for reality in physics, we do very much the 
same kind of thing. Bodies which are separated from each 
other appear to have effects upon each other. We discover 
the laws according to which these effects operate. We 
should like these laws to be interpretable in ter m s of a me- 
dium which we can think of as real. We shall be able to 
think of it as real if it has inettia and elasticity in the sense 
that a solid has inertia and elasticity, even though we have 
to take these properties as fundamental starting points in 
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the case of the solid, and are unable to trace them to some 
ultimate source which of itself needs no explanation. At one 
end of our scale of satisfaction, we have a case where it is 
possible to account for the properties of the hypothetical 
medium without any departure whatsoever from the prop- 
erties of the things that we have heard, smelled and felt, 
and ranging from this end of the scale to the other extreme 
end of expression completely in terms of abstract formula- 
tion, we have a graded sequence of possibilities which are 
apt to content us less and less, the further they are removed 
from the end of complete satisfaction. The ether receives a . 

slight blow to its prestige of reality when it is found that 
though it can operate according to inertia and elasticity, the 
elasticity is of a type different from anything that we happen 
to know of in the things that we have touched, seen, etc. 

It would be very difficult to give a definition of what con- 
stitutes reality in a general sense which would satisfy every- 
body. For few who desire reality the greatest could state i ;|i 

in words just what it is that they do desire. The best one ? i^j 

could probably do would be to make a list of things and phe- 
nomena which he would agree were real. Then if he should 
take any of these things and gradually remove from it all 
the appendages which even our disciple of reality himself 
would admit were unnecessary for its function, it is prob- 
able that he would gradually find his conviction of reality 
vanishing with these appendages, until by the time that he 
had left all that he himself would claim were necessary, he 
would have something which, in terms of his own mode of 
thought, he would have to call “unreal.” Even as the sight 
of the ghost, of his fliowing robe, of his obvious weight, are 
the symbols of reality to the onlooker — though they per- 
form no part of his function — so, frequently, in the physical 
world, those things which constitute that vague thought of 
reality are things which play no part in the phenomena which 
are the main interest of discussion. In the first chapter of 
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this book, I discussed what I there called the “irrelevance of 
the obvious,” and illustrated it by the example of a school 
boy who could not solve the problem concerning the flight 
of a ball hurled upwards against gravity unless I told him 
the color of the ball. The color of the ball played no part 
in the actual phenomenon but it played a large part in the 
boy’s thoughts. Sometimes, when systems and phenomena 
are of such an abstract nature as to shock our material senses, 
we even go to the extent of providing a curious kind of com- 
fort for ourselves by garbing them in the very clothes of what 
constitutes reality to us, and then we deny to those clothes 
themselves any of the ordinary properties of such clothes in 
order that they may not give any trouble. Thus, in the 
Bohr atom, we are apt to feel that we have something ap- 
proaching reality in our model of electrons going around a 
nucleus in planetary orbits. We know that the laws accord- 
ing to which the electrons must operate are difl'erent from 
those of classical electrodynamics ; but I think it safe to say 
that a great many physicists feel much happier in thinking of 
the Bohr picture than in thinking of the picture of some of 
the more abstract theories, for example, to which I shall pres- 
ently refer. And yet, what a curious situation we have here. 
In the Bohr atom, the only model that we have of anything 
is the model of the part that does not do anything. The 
Bohr theory gives us a beautiful picture of electrons moving 
in planetary orbits. The thing is delightful to look at on 
the blackboard ; but, unfortunately, this beautiful model ■ — 
what is going on on the blackboard — is just the part which is 
totally unobservable to our senses or in our apparatus. Only 
when the atom radiates do we get anything observable, but 
of the radiation mechanism the Bohr theory says nothing. 
It is true that by talking about the different states of the 
atom when it does not do anything we can set up a formal 
procedure for calculating what results follow when it does 
do something, but there is no picture of the process. In fact. 
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everything which the picture would suggest in the matter of 
radiation is forbidden to happen. The planetary orbits are 
not a picture of the process any more than a conglomeration 
of railway stations presents pictures of the scenery on the 
journeys between them. A process of calculation we have, 
it is true ; as, for the rest, it is simply a picture thrown in 
on the side to make us happy, but the picture is little more 
than an advertisement of the show. 

Let me cite a parable to indicate the condition of mind of 
one who thinks that in the Bohr atom he has a real, satisfy- 
ing model. Suppose that I should encoimter a strange mon- 
strosity whom I am pleased to call a man, because he looks 
something like one. But suppose the monstrosity has all 
sorts of peculiarities. I look at him and exclaim, “See what 
muscles he has ; such a being should be able to swing a five- 
hundred-pound hammer with ease. See how large his eyes 
are; such a being should be able to see the most distant 
stars without a telescope. See the length of his legs ; such 
a man should have a stride which would carry him along at 
the rate of fifty miles an hour.” And suppose that when 
we came to examine this being, we found that he could not 
lift a pepper pot, and that what he could lift in comparison 
with others of his kind depended not upon the size of his 
muscles, but upon the length of his hair multiplied by the 
diameter of his eyeballs. Suppose that his vision was no 
keener than ours, and such as it was, depended not upon his 
eyes at all but upon the distance between his toes divided by 
the diameter of one of his eyelashes. Suppose that his speed 
in walking depended not upon his legs but upon the length 
of his little finger. It might be that from his arms, legs, 
eyes, etc., we could make up a way of deducing what he 
would do under given circumstances, just as we can from 
the planetary orbits of the Bohr model make calculations 
about the radiation ; but we should delude ourselves if we 
took comfort in thinking of this monstrosity as a man. 
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And, if we take comfort from the resemblance between the 
pictures we draw for the Bohr atom and for the planets, we 
shall assuredly delude ourselves as to the significance of that 
resemblance also. 

One who starts with certain preconceived pictures of how 
nature works may usually, with sufficient trouble, force those 
pictures to fit the frame of nature to some extent, but very 
likely there will be many loose joints and bizarre fits. If one 
takes two landscape paintings and superposes them by paint- 
ing one over the other, he will get something which looks 
unlike any landscape. It is, of course, conceivable that by 
superposing a sufficiently large number of suitable land- 
scapes, one might get something which looked like a circle, 
or a straight line, but to hold to the dogma that straight 
lines and circles are all fundamentally built up out of land- 
scapes is to invite trouble. 

If I should, in coldly formal manner, define the number of 
dimensions to be associated with a system as the “ number of 
numbers which it is necessary to assign to the system in order 
that, by writing down differential equations between them 
in terms of some arbitrary parameter, I could set up a satis- 
factory scheme of mathematics with a one-one correspond- 
ence to the facts of nature,” it would probably be contended 
by many that I was talking in a very abstract manner and 
that such a definition of the number of dimensions of a sys- 
tem was highly artificial. The materialist wiU probably 
tell me that these dimensions are not real dimensions at all 
but merely mathematical abstractions. I shall ask him what 
he means by “real dimensions” — in what sense, for in- 
stance, does he regard space as three-dimensional ? He will 
probably illustrate what he means by telling me that he sees 
me sitting here, a three-dimensional being, with length, 
breadth and thickness, and that in this sense I have very 
obviously three dimensions. Alas ! I shall have to point 
out to him that the impresssion which he gets of me is ob- 
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tained through two-dimensional images on the retinas of his 
eyes; that he sees me twice over, once in each eye; that 
he sees me upside down, and that what the left eye sees the 
right-hand side of his brain interprets. The inteipretation 
of the phenomenon of seeing me sitting at my desk writing 
this book is really a terribly complicated business. 

Frequently, the development of a subject, such a sub- 
ject as electricity and magnetism, for example, takes place 
in the first instance through experiments of a large-scaled 
nature performed upon more or less crude apparatus. As a 
result of this, we form concepts of the subject founded upon 
large-scale phenomena. We form concepts of electric and 
magnetic fields as the forces on what we call magnetic poles 
and on unit charges. We form the concept of forces on the 
charges in the sense defined as the product of the masses 
associated with the bodies on which those charges exist, 
multiplied by their acceleration. We think of ourselves 
taking one of these magnetic poles or electric charges con- 
sidered as a small particle and putting it as a sort of testing 
instrument at the place where we want to measure the mag- 
netic intensity or the electric intensity. The nature of this 
magnetic pole, however, is something like that of a man’s 
head. You consider it as something which you can put in a 
definite place, so long as you do not specify that place too 
precisely. You can put your head approximately in the 
center of the room, but if someone asks you to put it within 
the head of a pin situated at the center of the room you will 
find dfficulty. As the science develops, it becomes neces- 
sary to extend and generalize the mathematical structure 
which forms the basis of the theory. We form concepts of 
very small things like electrons and start to speak of the 
way in which the magnetic and electric forces vary through- 
out one of them. But then our unit pole becomes a thing 
too cumbersome even to think of as a measuring instrument 
to be placed in a thing so much smaller than itself as an elec- 
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tron is. We are in the position of one who seeks to measure 
the variations in temperature throughout a room by using 
a thermometer whose mechanism extends over the whole 
city. And so there arises a whole new formulation of the 
theory, in which these magnetic and electric forces become 
defined in different ways in relation to a new set of starting 
points. The things which were before the simple con- 
cepts, the masses of the bodies on which the charges were 
placed, now become quite complicated and elaborate parts 
of the theory. Those things which seemed to endow the 
subject with such elements of tangibility when considered 
on an engineering scale dissolve in meaning, leaving only the 
fundamental concepts which, as a matter of fact, were the 
only things which really counted in the engineering problems 
themselves, where, however, they remained hidden in the 
glittering robes of a spurious reality. And so, to the criti- 
cally minded, there appears a reality in the new artificiality 
and an artificiality in the old reality. The process of gen- 
eralization is not apt to become one in which the new forms 
a complication or extension of the old, but rather one in 
which the old is a rather vague, somewhat incomplete and 
illogical application of the principles of the new. When, as 
the result of a merciless stripping of irrelevant adornment 
from the laws of physics, we arrive at a spectacle unpalat- 
able to the intellectual taste, let us ask ourselves whether 
this cold remnant does not contain the whole essence of the 
laws in the sense in which they are actually used. There is 
no harm in stimulating our intellectual activities by adorn- 
ing our thoughts with irrelevant appendages, provided we 
use these appendages as our servants and not as our masters. 
It is true that the human mind is a mechanism which requires 
a spark to set it off. The mere assurance that it has all the 
necessary wherewithal to think with is not of itself sufficient 
to set the thinking going. If one man finds that a glass of 
wine is good for his mental activity, let him take it. If an- 


Modern Atomic Theories 


127 


other finds that a model accelerates his thoughts, let him use 
it, however illogical and fantastic it may be, so long as he 
uses it only as a stimulant to thought and does not impose 
upon the structure which he examines some of the require- 
ments of the model itself which may be inconsistent with the 
fimdamentals of that structure. It is in the trouble caused 
by the requirements of these irrelevant characteristics of the 
model that the danger of an artificially created reality lies. 
Thus, in pondering upon the physical nature of an ether, for 
example, while we would strenuously deny that our picture 
of the all-pervading medium was anything like that of water, 
many of us will supplement the cold statement of the prop- 
erties of the medium with vague shadows of substantiality, 
concerning which only the most dire intellectual torments 
would bring us to confess, even to ourselves, that we were 
semi-consciously thinking of the taste of ether, of the smell 
of ether, of its boiling point, etc. 

I have spoken of a theory in mathematical physics as com- 
prising the formulation of a branch of mathematics in which 
there is a one-to-one correspondence between the essential 
elements in the mathematics and the observable phenomena 
of nature. One of the main diSerences between the mate- 
rialistic forms of theory and the more abstract forms is that 
in the former we seek this one-to-one correspondence between 
every stage of the mathematical work and some phenomena 
of the observable kind, while in the latter form of theory the 
correspondence only exists between the mathematics and 
nature at certain isolated points. The mathematical picture 
in its analogy to the natural phenomena is like a game of 
chess in its analogy to a battle. There is a correspondence 
between the capture of a pawn and the taking of a prisoner, 
but there is nothing in the battle to correspond to the chess- 
board. Yet the chess-board is essential to the game of chess. 
I may perhaps illustrate this matter in another manner which 
has a rather more technical flavor and which will only appeal 
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to those readers who have a slight acquaintance with mathe- 
matics. 

* Suppose a mathematician wishes to represent the well- 
known curve called a parabola, the curve described by a 
stone in falling when it is projected horizontally from the 
hand. The mathematician will tell you that this curve is 
represented by what he calls the equation 

y = ao? (i) 

where a is any constant number. To understand what the 
mathematician means by this, you may think of a stock 
diagram, in which the prices of stocks are plotted vertically, 
and the progression of time horizontally, so that the varia- 
tion of stock prices with time is told by the form of the 
curve which is drawn. When the mathematician says 
that y — is the equation of a parabola he means that 
you will obtain a parabola if you plot a graph like a stock 
diagram but one in which the vertical measure y of any point 
is related to the horizontal measure x by the relation y = ax?. 
The particular parabola which you would draw would de- 
pend upon the magnitude of a. In the special case where 
the parabola represents the fall of a stone as above suggested, 
y represents the actual vertical descent of this stone at the 
instant when it has travelled a distance x, horizontally, as 
a result of the horizontal velocity initially imparted to it. 

But we might have told the story of the fall of the stone 
in another way, as follows. Suppose the stone is projected 
initially in a horizontal direction, the direction of x, with a 
velocity of u feet per second. It will continue to travel in 
such a manner that x = ut (2) 

where t is the time. Then it is known to physicists that it 
falls at an ever increasing speed in such a manner that the 
distance y which it has fallen in the time t is given by 

“^Tlie non-technical reader may wish to omit this example. 


(3) 
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where g is a constant which represents the acceleration of 
velocity caused by gravity. If, in (3), we substitute t = x/u 
from (2), we get, immediately. 


which is the equation of a parabola with the constant quan- 
tity taking the place of a. 

2 w 

Now here, the picture is all very clear. There is a mean- 
ing to X, to y, and to t. You can see everything happening. 
But the fact that you can see everything happening is an 
accident peculiar to this special problem. A parabola can 
represent all sorts of things other than the curve of fall of a 
stone. If you asked a mathematician to write the equation 
of a parabola he might write it in the form of equation (i). 
On the other hand, having in view certain mathematical 
manipulations which he intended to perform with it, he 
might find it convenient to write it in the form 

X = ms (4) 

y = is) 

when m and n are fixed numbers, with the understanding 
that if you wish to obtain the equation of the curve, you 
must get rid of s from (4) and (5), as you could very readily 
do in the same way that you got rid of t in the preceding 
example. You would of course obtain 



Now, if the materialistic physicist were presented with 
equations (4) and (5), he would ask what x was. The math- 
ematician would tell him that x was nothing in particular, 
but simply an inteimediate symbol, introduced for the con- 
venience in relating x and y. But the physicist would be 
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very unhappy about this. He would want a correspondence 
between this symbol s and something in nature. Happily, 
if the problem has to do with the falling stone, he has it. If 
he changes s to t, he can think of the whole problem as one 
of a falling body initially projected in the horizontal direc- 
tion X with a velocity m so that x equals mt, and allowed 
to fall vertically with an acceleration g, equal to 2 w so 
that y = nt^. It is not always possible in physics to do 
what was done for 5 in this case, namely, to find a real cor- 
respondence between every s3mbol in the mathematics and 
some similar measurable quantity in the physics. At least, 
it is not possible to find it in a direct way. One can generally 
express one of the abstract quantities itself in terms of some 
of the measurable things in such a way as to evaluate it, but 
this usually does not satisfy the materialist. He likes to 
have the meaning of the quantity staring him in the face. 
Most of the quantities which cause trouble in mathematical 
physics, because of their abstract nature, may really be 
regarded, in a sense, as analogous to the quantity s above. 
They are quantities introduced for the convenience of ex- 
pressing the relationship between the observable quantities 
in a more convenient form than by some direct relationship. 
They are analogous to the squares on the chess-board in the 
example cited above. 

If you should wish to force me to say what I would deem 
to constitute reality in a theory or in the conceptions which 
form a part of a theory, if you should demand of me a state- 
ment as to whether the concepts involved in a certain theory 
were real or artificial, it would, first of all, be necessary for 
me to ask for a precise definition of reality. I surmise that 
you would have difficulty in giving such a definition. Or, 
if you gave one which was satisfactory to yourself, I doubt 
whether it would be satisfactory to every one else. We 
should all probably find ourselves in the position of the group 
of statesmen who were discussing what Mr. Balfour meant 
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when, at the time when tariff reform was a very touchy 
matter, he had ventured one of his customary non-committal 
phrases concerned with what he called “broadening the 
basis of taxation.” Every one wanted to know what it 
meant and how it affected his own particular interests. A 
cartoon represents Statesman A asking B what he under- 
stands by Mr. Balfour’s statement, “broadening the basis 
of taxation.” B says, “Well, I mean exactly what Mr. C 
means.” So they go to Mr. C, who says, “ Well, I mean just 
vAat Mr. D means.” Finally, they go to Mr. Balfour, who 
gives another of his famous statements: “Well, I mean 
exactly what we all mean.” One might make definitions 
galore. He might define a quantity as real, provided that 
it obeyed what the physicist calls the law of continuity, the 
law which, in the case of matter for example, states that if 
you mark out any volume in space, and measure the rate at 
which matter increases within that volume, it will be found 
equal to the rate at which matter passes in through the 
boundary minus the rate at which it passes out. The law 
states that matter does not appear from nowhere. It is not 
suddenly born from nothing like a ghost, nor does it vanish 
into nothingness without giving an account of itself. Many 
other things in physics besides matter obey this law of con- 
tinuity — this law of indestructibility. Momentum for 
example obeys it. Very well then, one might decide to 
define something as real if it obeyed the law of continuity. 
He would then be comforted for the moment by thinking of 
a gas and would say, “Ah! My quantity now behaves 
just hke a gas. If the amount that goes out of the room is 
greater than the amount that comes in, then the quantity 
in the room must decrease by an amount equal to the differ- 
ence. Such stuff is really real.” He tells that to the high- 
school boy who is quite satisfied about it until he is told 
that momentum also obeys the same relation. He is not so 
happy about the reality of momentum. We tell him that he 
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will feel that that is also real when he gets older. We, at 
any rate, glory in a sophistication where momentum satisfies 
our mathematical criterion of reality and also our undefined 
sense of the fitness of things. Then the specialist in atomic 
structure comes along with a mysterious quantity which 
has made its appearance in the most modern forms of atomic 
theory and which is known to physicists as *. The spe- 
cialist has a law of continuity for this quantity and he may 
wish therefore to present it as a candidate for reality. But 
the materialist feels that he has been caught and that the 
claim is not fair. The atomic specialist demands to know 
why the claim is not fair. The materialist fishes around a 
bit and then thinks that he sees why the claim was not fair. 
He says, “You can not measure xl/4' *, whereas I can measure 
the density of a gas.” But the atomic specialist contends 
that he can measure It is a quantity w'hich he can 

express in terms of the probability of the existence of an 
electron at a certain place. The materialist claims that 
this isn’t any sort of a quantity at all — nothing like as 
tangible a quantity as is gas density. But, after all, if I ask 
him what is meant by density, he will probably tell me, “it 
is the mass per unit volume.” Then I must ask what the 
mass is. If he defines mass by a momentmn specification 
in which the measure of the mass is obtained through the 
velocity that it imparts to a standard of mass when it collides 
with it wdth an assigned velocity, then I begin to doubt 
whether the quantity “mass” is any less mysterious than 
the one called *. On the other hand, if he defines it in 
terms of the weight, he has to rely upon a comparison with 
another body made through the agency of the mysterious 
force of gravitation, in order that he shall be able to say 
what he means by the mass. Of course, I am quite well 
aware of the fact that he has in his mind that high-school 
text-book definition of mass as the quantity of matter in a 
body, but I fear that he would be hard put to it if I demanded 
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an explanation of what he meant by “the quantity of mat- 
ter,” apart from such rather abstract definitions as I have 
cited. But perhaps our materialist, having been driven 
into a tight corner in the matter of the mass or in the matter 
of the density, will return to the conflict on the basis of the 
velocity. He will say, “for a law of continuity, you need a 
velocity so that you can discuss the rate at which the entity 
enters through the boundary of a region in which you are 
testing its increase or decrease, but what on earth can be 
the velocity of the quantity * ? ” I tell him that in 
atomic structure theory this quantity is defined in a certain 
way in terms of * itself, and in a way, moreover, calcu- 
lated to insure that the law of continuity shall hold, the only 
element which finally remains as provided by the properties 
of the quantity 4np * itself being the fact that the sum total 
of it throughout the universe remains fixed always. I point 
out to the materialist that whenever I have a condition of 
that kind I can always fit up a velocity for it so as to make 
its flow from one place to another appear to take place in 
conformity with the law of continuity as holding every- 
where. “Ha, ha!” says the materialist. “Now I have 
caught you. Your law of continuity was a bluff. You 
merely painted this the colors of reality by providing 

it with a meaningless velocity which enabled it to masquer- 
ade as something moving about and retaining its identity 
on the way.” The materialist will claim that the velocity 
of a gas falls in a very different category. He points out 
that those little particles of gas are moving about in such a 
way that he can think of actually measuring their velocity 
vdth a meter stick. I could quarrel with him on this basis 
if I chose. However, I have plenty of ammunition in my 
pocket and will allow him tliis much rope ; but I must ask 
him whether he really limits his idea of the law of continuity 
as applicable only to situations of this kind. If he is old 
enough, he will probably remember the days when there 
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were no electrons, at least in the minds of the physicists. 
He will remember the days when people used to think in 
terms of homogeneous distributions of electricity moving 
about in space or in conductors. I ask him whether he ever 
pondered upon the significance of the velocity of a homo- 
geneous distribution of electricity or of anything else for 
that matter. I think he will have to confess to me that he 
did, but if he did, what was he really thinking about when 
he spoke of the velocity? He will probably ask me to pic- 
ture one of the particles of the electricity and talk about 
that. However, I join with him in refusing to admit that 
there are any particles to talk about. Then he will probably 
ask me to imagine a little piece of cork placed in the homo- 
geneous distribution of electricity. I confess that I find 
diflficulty in this. However, if he forces me to do so or to 
let him do so, and talks about the velocity of that piece of 
cork, I shall never allow hhn to depart from his definition, 
and he will have to carry the velocities of corks with him for 
the rest of his life in all his discussions about electrodynamics. 
I shall never be willing to let him dissolve that cork and 
lead me to the stage of deceiving myself that I understand 
what is meant by the velocity of the electricity at the point 
at which it disappears. Finally, when the materialist has 
exhausted himself with his corks, etc., I shall ask him whether 
in the sense in which he thinks of velocity, the velocity really 
came in at all in his calculations about electrodynamics in 
those pre-electron days. He wiU say, “ Certainly, it did!” 
and he will point to certain electrod3mamical equations in 
which the velocity actually occurs. I ask him whether by 
any conceivable process he could arrive at the velocity used. 
He may see the law of continuity staring him in the face, for 
that happens to be one of the laws of electrod3iTiamics, and 
he may be tempted to patch up a meaning to velocity in 
terms of it, but after our discussion of a little while ago, in 
which he accused me of doing the same thing, he will not 
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have the face to do that. I could pursue this matter in 
detail to show how the materialist would flounder among 
his equations in an endeavor to find some of them which 
would reveal to him this velocity as having meaning in the 
“ cork ” sense in which he visualizes it. We should find 
that he would fail and that the best definition which he him- 
self could make of velocity in the sense in which it occurs in 
his equations would be one which corresponded to a quantity 
vastly different from the concept which he thought he was 
thinking about when he thought of the velocity of a molecule 
of a gas. The definition would, in fact, involve a degree 
of what he would call “abstractness” which is in every way 
comparable with the abstractness involved in the definition 
of similar quantities in the case of atomic structure, for 
example. The difference between the two lies not in the 
subject, but in the materialist himself. When he thought 
he was thinking about the electricity, he really was thinking 
about a gas or water. As the result of this mental stimula- 
tion, he was encouraged to carry out the analytical processes 
permitted by his mathematical equations, with the confi- 
dence that he knew what he was doing as he went along. 
This concept inspired him to make many steps and do many 
things which he ought to have based on purely analytical 
procedure, but in which he short-circuited much mathemat- 
ics by using his intuition. He, as it were, writes a check 
based on what he thinks is the intuitional balance of his 
accormt in his brain, but it is because of the strength and 
consistency of his mathematical securities that the check 
becomes honored. In the whole realm of a mathematically 
consistent structure, we may think of a multitude of cases 
which represent conclusions of value. These are linked by 
paths — sometimes tortuous to follow — of logical reason- 
ing. If we take a lot of different mathematical structures, 
we shall find that many of the “stations of conclusions” 
look alike and the railroads that run between them have 
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great similarity. In certain of these mathematical struc- 
tures, the mind has become so familiar with the relationship 
of the stations that it can jump from one to the other with 
alacrity. The jump is philosophically hazardous. It is 
nearly always right, but the mind little realizes the chances 
that it has to take. When a similar set of stations makes 
its appearance in some other mathematical structure, and 
when the mathematical “railroads of logical thought con- 
nections” are the same, our materialist can stiU jump from 
one to the other with perfect security. He may be more 
frightened in his jump, so that in fact he has no confidence 
to jump at all, because he may be under the illusion that 
when he jumped before he jumped for certain reasons inher- 
ent in what he regarded as the physical significance of the 
things he was talking about, whereas the only thing which 
really justified his jump was the mathematical railroad which 
he had discarded. If he can delude himself with a suffi- 
ciently large dose of reality to have confidence to jump in 
the new realm, he will again avoid breaking his neck, but 
not for the reasons which he thinks are guiding him, but 
again on account of the guardian angel in the shape of the 
mathematical substratum which guards his intellectual 
adventures. Most of us stimulate our brains to action by 
the vision of an ill-defimed reality at the back of our mental 
processes. So long as we treat it as a means to an end, all is 
well, but for him who thinks it has fundamental significance 
apart from the logical scheme of laws which represents the 
story to be told, there is trouble ahead. For you who seek 
reality as something characteristic of certain concepts in 
physics as distinct from others will find that such reality is 
but a will-o’-the-wisp of philosophy. You may think you 
have it in your hand but to find that you have merely the 
shadow of something else. You wiU pursue that something 
else ; you will clutch it, and again it will feel real until you 
find that your consciousness of its touch is no more than the 
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tingle of your own blood as your hands clasp upon it. Real- 
ity is the most alluring of all courtesans, for she makes her- 
self what you would have her at the moment ; but she is no 
rock on which to anchor your soul, for her substance is of 
the stuff of shadows ; she has no existence outside your own 
dreams and is oft no more than the reflection of your own 
thoughts shining upon the face of nature. 

The Nature and Significance of Atomic Theories. Physical 
theories are something like people : sturdy and vigorous 
in their youth, they develop ailments as they grow older. 
Frequently, they require the surgeon’s knife or the beauty 
specialist, and after everything possible has been done for 
them they have to give way to others in many things. This 
does not imply that an out-of-date theory is useless and has 
never had any intrinsic value. Were that the case, one 
might find good reason for demanding from all professors 
of physics who are now more than thirty years old a refimd 
of most of their salaries. A theory which covers a wide 
range of facts may be extremely useful and may continue 
to be so even after it has been superseded by some more 
complete theory covering a -wider domain. It may be still 
more convenient and applicable for some purposes than the 
more general theory, on account of its greater simplicity. 
As I have already remarked, if an optician should refuse to 
make you any glasses until the modern theories of diffrac- 
tion of light through glass had been completely worked out, 
he would go out of business. What he really does is to 
employ for his immediate purposes the old laws of geometri- 
cal optics — the laws in terms of which Newton thought — - 
the laws which picture light as arrows shot through space 
and bent in their course by the glass when they enter it. 
He knows that a more complete picture represents light in 
terms of waves, but the old laws, based upon the theory 
that light consisted of rays or darts, are still sufficiently 
comprehensive for his purposes. 
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I am frequently asked whether I think such and such a 
theory is right or wrong. The question seems definite 
enough, and yet, the older I get the more difficulty I have in 
attaching meaning to it. Theories may be compared to 
languages. Just as there are many languages in which one 
may describe the same range of phenomena, so there may be 
many theories which cover the same range of facts. It is 
likely, therefore, that any of them, if pinned down to fhe 
truths of nature at a large number of points, will aid in 
predicting at other points unknown truths which have not 
yet been pinned down. To say that if one theory is right 
all others must be wrong is like saying that if the French 
language is right the Chinese language must necessarily 
be otherwise. It may be that French is a much more con- 
venient language in which to talk of European politics than 
Chinese. It may be possible to say things more exactly in 
the French language than in Chinese, but it would be foolish 
to state that one is right and the other wrong. Again, it 
might be claimed that the whole structure of the Chinese 
language was such that it might be a hopelessly complicated 
matter to modify it or amplify it for the purpose of discussing 
European politics, and for that reason it might be more 
efiScient to talk in another language. Even if Chinese were 
suitably modified it might become such a complicated and 
unnatural medium that it lost all the advantages which it 
might have been supposed to have, from the mere fact that 
it was the Chinese language. It is for reasons such as these 
that after we have modified existing theories more and more 
in an endeavor to retain their original spirit and yet embrace 
new facts we finally come to a point where it is desirable to 
make a radical change from the former spirit of the theories 
and adjust our minds to new viewpoints and new starting 
points in our thinking. 

If you want to promote a revolution, it is necessary to 
destroy confidence in the old government and particularly 
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in the things you liked most about it. Whether for good or 
evil, you must be taught to see that there was nothing fun- 
damental in the things you cherished, for so long as you do 
not feel this any new idea which the revolutionary party 
wants to promulgate will be subjected, continually and 
mercilesS|ly, to the fiery test of your former ideals, and iP it 
does not stand the test you will be hesitant to use it. In the 
world of politics, the things which people have cherished are 
their traditions, their kings, their gods, their own particular 
religions, their doctrines of morality, and so forth. In the 
realms of science, for the last three hundred years, we have 
cherished “models.” In our childhood, we delighted to pick 
a watch to pieces to see “how it worked,” and now, in our 
maturity, we should like to pick the atom to pieces in our 
mind’s eye and see how it works. And that “how it works ” 
has come to have a meaning to many of us only provided 
that it works in certain ways which can be described in a 
manner similar to the workings of other things with which 
we have become familiar. We think we xmderstand why a 
weight bobs up and down on the end of a spring. We are 
more or less satisfied about the planets going around the 
sun. We are a little worried about gravitation, but the 
difi&culty is so old that it does not trouble us very much 
now. The physicists and electrical engineers have succeeded 
in reducing the behavior of such things as dynamos and 
motors to forms which we may think of more or less in the 
same kind of way as that in which we think of the workings 
of the planets, of an automobile, and so forth, and it would 
be very agreeable to us if we could think of an atom also in 
that way. Alas ! we find that if we are to teU the story of 
some of the most important happenings in the atom, it can- 
not be thought of in that way, at least without forcing mat- 
ters to something like the extent that we should have to force 
the language of Zululand if we were determined to write a 
treatise on the Theory of Relativity in it. But forgetting 



140 The Architecture of the Universe 


that the old way of thinking, appropriate to automobiles 
and dynamos, has no status in its own right and is justified 
only because it does fit automobiles and dynamos, there are 
many people who refuse to be satisfied with any theory of 
the atom which does not talk in the language of motors and 
dynamos, and the like. I sometimes wonder how a South- 
Sea Islander who happened to be brought up on Newtonian 
mechanics with nothing but the planets to serve as an illus- 
tration of his theory would react if we suddenly brought 
into his country a clock, and in particular one of those large 
city clocks with an electric-light bulb at the end of each 
hand. I suppose he might think that those bulbs went 
around their common center of rotation according to the 
same sort of laws as govern the journies of planets around 
the sun. What a terrible time he would have to explain 
why one went around twelve times as fast as the other. 

Let me cite a sort of parable, illustrating the condition of 
mind of a being who insists on thinking of the atom in a way 
inappropriate to it, just because he happens to like that way. 
His counterpart in our parable shall be one of the great- 
great-grandchildren of a giant who looks down upon a city 
whose workings shall be the counterpart of the workings of 
the ordinary coarse-grained things in our universe, things 
such as springs, machines, and all the variety of appliances 
with which we have become familiar in every-day life. The 
giant sees things moving about in the city. He sees an 
automobile going along in a straight line with a constant 
velocity until it comes to a light. If the light is green, it 
goes on or turns to the right, or to the left. When the light 
is red, it nearly always stops. On the few occasions on 
which it goes through on red, the giant observes a great 
commotion accompanied by the emission of many maledic- 
tions, and the subsequent course of the car and its occu- 
pants on one of these occasions is always such as to lead 
into a building called city jail. 
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At first our giant is mystified by all these happenings and 
pictures all sorts of angels and devils as residing in the traffic- 
light mechanism, in order to account for its actions. Then, 
later, when the giant is dead, his children and grandchildren 
continue to study these phenomena, and as things become 
more and more familiar to them, there arises a Galileo in the 
kingdom of giants, and the giant Galileo says that the devils 
in the traffic lights are unnecessary, that they are an 
encumbrance to thought, and that it is not our business to 
worry about them at aU, but to formulate carefully just 
what the effects of the traffic lights are. The other giants 
do not like this very much, because they think they know a 
lot about angels and devils, and some of the things Galileo 
says about the traffic lights could not be done by self-re- 
specting angels and devils. So they put the giant Galileo 
in prison. As progress continues, however, they come to 
realize that the devils and angels are inadequate, and then 
there arises a giant Newton who examines carefully the 
consequences of the fundamental facts cited by Galileo as to 
the behavior of the traffic lights. He rounds out the comers 
of Galileo’s labors and finally amplifies them to the extent of 
producing a scheme of law for the city in which a mayor, a 
director of public safety, and a lot of other individuals are 
involved, all working together in a harmonious unity. The 
natures of these functionaries are completely specified, so 
that it now becomes possible for the giants to correlate all 
the more obvious observable phenomena in the city. The 
laws do not attempt to do too much. They do not endeavor 
to describe any mechanism for working the lights or for 
the action of those lights upon the automobiles, but are con- 
tent with a precise statement as to the relation between the 
conditions of the lights and the paths of the automobiles. 
Some of the giants may think that there are forces emanat- 
ing from the lights and controUing the cars, but such visions 
are unnecessary for the practical use of the laws. In terms 


142 The Architecture of the Universe 


of the more complete formulation which the giant Newton 
has made, everything in the city hangs together. Once a 
week, the cars go both ways along the street ; on other days 
there is one-way traffic. On the days when there is two-way 
traffic there is ringing of church bells, and no people enter the 
shops. Possibly some of the less sophisticated giants think 
that the ringing of the bells removes certain invisible bar- 
riers which prevents the traffic from going both ways along 
the street, and that it paralyzes the people in a peculiar way 
so that they cannot turn from their paths and enter the 
shops when the bells are ringing. It does not matter what 
the giants think as to the reason for all the happenings, the 
giant Newton and the giant Galileo have found how the 
whole thing works in the sense that, as regards the large 
scale things which are happening they can always predict 
what will take place in terms of what is and what is taking 
place now. In a sense, I am in a slight difficulty in my 
analogy, because you may well point out to me that every- 
thing is not predictable in terms of what exists now. An 
automobile, on reaching the green sign, may refuse to go on 
and may actually stop. Yes, that is true. Perhaps we had 
better limit our thoughts to street cars or auto-busses which 
do not go so much at the whim of the driver, but this cir- 
cumstance depending upon the free will of the driver will 
serve its purpose in our analogies in due course ; for the 
present we shall forget it. The successive generations of 
giants study the ways of the city and find that the scheme 
of Galileo and Newton works. The scheme becomes much 
more “natural” to the giants as the generations go on. 
They may not know “why” the laws of the city exist or who 
made the mayor, but they will probably take them all for 
granted in time, anid they will laugh very much at their 
ancestors who thought that the devil was in the traffic light 
and was responsible for changmg its colors, and for its 
action upon the automobiles. 
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And later, when the giants have worked out all the minor 
details of the city’s coarse-grained activities, they become 
more ambitious and try to account for the doings of some 
of the things which they had taken for granted — the traffic 
lights for example. They hope that when they understand 
all these things they will understand all about the free will 
of the drivers who did not drive autobusses and street cars. 
They hope they will understand just why the drivers stop 
when they might go on. The devil was a very naive expla- 
nation for the traffic light. It was too easy. They seek 
some more profound explanation, something which will tax 
their minds, so that when they had been successful in what 
they wanted to do they could feel that they had really ac- 
complished something. They have come to be very con- 
tented about anything which works hke cities work, and so 
they try to build up a city, a mayor, a system of automobiles, 
etc., which reside inside the traffic light and are responsible 
for its actions. Of course, we must not suppose the giants 
to be too foolish. They would not try to explain the 
traffic light in terms of whole cities and other traffic lights 
if all their traffic lights were alike, but it turns out, per- 
chance, that there are many kinds of traffic lights in the city, 
and these giants wish to understand their relation to each 
other. The situation is this: They have thought a lot 
about the city as a whole. They have gotten into their 
heads the idea that certain of the activities of the city are 
very fundamental, and they have built up in their minds out 
of these a sort of ideal city which seems very understandable 
to them. They feel that if they can use this ideal city as a 
basis, they can put as many of them as they like — traffic 
lights and all — into the single traffic light of their own 
experience to account for its actions; and they doubtless 
hope that by combining a lot of their ideal cities in different 
ways they may be able to account for all the different kinds 
of traffic lights in the city they are looking at. 
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Now you will naturally say that these giants are all mixed 
up in their thinking. It seems to us that they are going to 
a great deal of needless trouble to try and force their way of 
thinking — a way founded upon mayors, policemen, and 
traffic lights — into the business of accounting for the things 
they have become interested in. We naturally wonder 
whether those giants have any right to laugh at their old 
ancestor long since dead, who put the devil into the traffic 
light. You know very well that everything would be so 
much simpler if they would talk in terms of the dynamos, 
incandescent light bulbs, and so forth, which you feel you 
know to be associated with the works. However, if you 
talk about these things to the giants, they will be hopelessly 
bewildered. Apart from the few mathematical giants, they 
will feel that no explanation which does not talk in terms 
of mayors, policemen, traffic lights, and cities means any- 
thing at aU. If you work out a scheme of activity for the 
appliances concerned, founded upon what an ordinary late- 
Victorian physicist would think about the matter, the giants 
will say that it is artificial and metaphysical ; and even if 
you succeed in correlating matters in this fashion in such a 
simple manner that the giants have to acknowledge that 
there is something in it, they will try to translate your theo- 
ries into something which can be thought of in terms of 
policemen, cities, and so forth, in order that they may be 
able to understand it. 

Now many of us are in the condition of these giants when 
we approach the atom. For the last three-hundred years 
we have thought of springs and forces and aU of those ideas 
which go into the understanding of what we call machinery. 
We have exhausted most of what we have learned on this 
crude basis, and we seek to go further. We are at the stage 
of the giants who have become familiar with the workings 
of the city as a whole and now wish to study the “reason” 
for the behavior of the traffic light. It is not enough for us 
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that steel is hard and copper is soft. We are not willing to 
take the fact as a starting point; we want to know “why.” 
It is not sufhcient to say that the atoms are fmidamentally 
different and emit different spectra. We are not willing to 
build gradually upon that foundation. We want an im- 
mediate and ultimate solution to our problem ; and in our 
impatient efforts we seek for the atom a mechanism founded 
upon principles similar to those with which we have become 
familiar in the behavior of large groups of atoms such as 
steel springs and the like. Of course, we encounter diffi- 
culties, even as the giants encountered difficulties. The 
atoms do things in direct contradiction to what might be 
expected from things governed by ordinary mechanisms. 
This is a terrible blow to us at first ; and just as the giaiits 
tried to put a whole city into the traffic light to explain its 
actions, so we strive again and again to put into the atom 
mechanisms having the properties of springs, forces, etc., 
and all of those things which are familiar to us in the behavior 
of appliances composed of aggregates of atoms, in the be- 
havior of machinery in fact. As the giants feel that they 
will never be able to understand the traffic light until they 
can picture it as made out of cities, so we feel that we 
glia.n never understand the atom until we can picture it as 
made of machinery or something similar. ^ _ 

But the attempt to visualize atomic processes in terms of 
models has led to complexity upon complexity with but little 
guarantee of a satisfactory harmonization of the facts in the 
end. The older and apparently substantial concepts which 
have formed themselves as a result of contemplating matter 
in bulk will not bear transportation to the realm of the atom 
where are to be found so many of the vitally interesting 
things of nature. And so, the school of modern thought has 
turned its attention to other ways of correlating in the fom 
of what we call a “theory” the various activities of the 
atomic world. Whatever the principles which are adopted 
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to describe the behavior of the atom, they must, of course, 
contain as a consequence those older known phenomena 
which exist in atoms en masse. If I set up an abstract theory 
of the atom devoid of mechanism, my theory must yet ac- 
count for the fact that a weight bobs up and down on the 
end of a spring more slowly if it is heavy than if it is light. 
But sometimes these coarse-grained phenomena of springs 
and machinery become rather complicated when their stories 
are told in terms of what we may call the more fundamental 
processes of atomic behavior. From the modern point of 
view, these abstract principles which govern the ways of 
the atomic world are more real than anything else; and, 
the things which before were so tangible to us — models, 
machines, and the like — are the things which become 
somewhat complex. And so, as I have already remarked, 
to the critically minded, there appears a reality in the new 
artificiality and an artificiality in the old reality. 

Now I can well understand the reader saying, “But if there 
is not a model, what is there?” This again raises the ques- 
tion of just what we mean by a theory of the atom, or of any- 
thing else for that matter, and what its purpose is. In con- 
sidering such a matter as a theory of the atom, there are two 
main questions; (i) why the atom works, and (2) how it 
works. The former of these is the question which fascinates 
us the more, but it is also the more dangerous of the two, for 
its abswer is determined entirely by our own point of view. 
One mind may feel that an atomic theory founded upon 
something like a Newtonian law of gravitation is more in 
harmony with the fitness of things and with his ovra feelings 
in particular than would be any other; although the more 
he thinks about the matter the less justification will he find 
for his choice, apart from the crucial test of which fits the 
facts best. The tendency in modern theories is to worry less 
about the “reasons” why an atom works and concentrate 
upon “how” it works. And what is the problem before us 
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in saying how the atom works? A large part of it is con- 
tained in the endeavor to correlate the optical phenomena of 
the atom to the point of predicting what light frequencies 
may be expected to be emitted by the atom under assigned 
conditions — what the relative intensities of the light asso- 
ciated with these different frequencies may be, and so forth. 
Now we might take a big book and write down in it all the 
measurements that have ever been made by anybody on the 
light emitted by atoms ; and whenever anybody wanted any 
information about the atoms, we might refer him to the book. 
To present such a set of data to a physicist would be like 
presenting to a librarian a list of all the books in the library, 
arranged in no sort of order, or perhaps in the alphabetical 
order of the names of the authors. Our librarian would 
immediately want to make a card catalogue or something of 
the kind, so that he could impart some sort of order to his 
library and be able to give an idea of its scope and features 
without citing every book which it contained. 

A theory of the atom in the modem sense is crudely analo- 
gous to a card catalogue of the phenomena. To state the 
matter perhaps more easily, and in line with what I have 
emphasized before in this book, we seek in the theory of the 
atom a way in which, by saying only a few things, we may 
deduce as their consequences all that the atom does. We 
make no profession of giving any “reason” for those few 
things. Indeed, we have advanced beyond the stage in 
which we take any particular comfort in a reason for any- 
thing. 

It is rather difi&cult to give, in a brief space, an idea of those 
very abstract theories of the atom which have come into 
existence in the last few years and which are associated with 
the names of Heisenberg, Schrodinger, de Broglie, Dirac, 
and others. I can but present one or two analogies which 
may give some idea of the sense in which these theories at- 
tempt to correlate atomic phenomena. 
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The Matrix Theory. Perhaps the most abstract of these 
theories is that originally due to Heisenberg. It is called 
the matrix theory, because, in the mathematics associated 
with it, certain mathematical paraphernalia called “mat- 
rices” are used extensively. However, that need not con- 
cern us for the pxirpose of our analogy. 

Suppose I am confronted with the situation of predicting 
the actions of a number of individuals, who shall be taken 
as analogous to our atoms. It might be that I should like 
to be in a position to predict how much money any one of 
them is likely to accumulate in tw’^enty years if he takes any 
assigned number of holidays a year. I might also wish to 
be able to calculate the amount of money which he would 
accumulate if I|started him off with any assigned capital. 
I might like to^^calculate also how much he would give to 
charity, and to inquire in this connection, how the amount of 
his donations would depend upon the number of begging 
letters he received. I might like to calculate the chance 
that he w'ould die of influenza, and all sorts of other things. 
Now, it is conceivable that I could invent for him a name 
with a lot of letters, and such that the story of aU these prop- 
erties and characteristics of the individual were somehow 
or other contained in that name in the form of a sort of ana- 
gram. We know how the philosophers of two or three- 
hundred years ago used to hide their discoveries in anagrams 
of this kind. And so we shall invent a name for each of our 
individuals and arrange a process of manipulating the letters 
in those names. One thing, however, I must emphasize: 
The process of manipulating the letters is to be the same 
for all of the names, even though the names themselves are 
different. Thus, it might be that one had to start by count- 
ing the number of “I’s” in the name and then divide this 
number by the number of “d’s,” then subtract from the 
number so obtained the munber of times the letter “h” was 
followed by the letter “o.” I am supposing, in fact, that 
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we have defined a process of manipulating the letters in such 
a way that any one would know what to do as regards the 
manipulation whatever the name he happened to encounter. 
The results of the manipulation of the letters are, of course, 
the things in respect to which we have to set up a correspond- 
ence with the doings of the individuals concerned. Thus, for 
example, it might be decided that if, as the result of certain 
manipulations there should evolve a word with two letters 
“a” separated by a letter “e,” that was to mean that the 
individual concerned would die of tuberculosis. It might 
be that if there were no “b” in the name, that would mean 
that the individual would never be worth more than $100,000, 
but that if there were a letter “b” in the name he might 
become worth $100,000, and that if, as the result of certain 
manipulations which were specifically defined, the “b” dis- 
appeared he would, sometime or other, become bankrupt. 
You will easily see how it is possible to invent “games” of 
this kind, so that, starting with a name peculiar to the par- 
ticular individual, and defining certain manipulations to be 
performed with the letters, we could arrive at a set of results 
which might be correlated with the actions of the individuals. 
With human beings who are all so different and who are not 
very consistent in their actions, the procedure would prob- 
ably be very difficult. However, if we had made good 
guesses at the appropriate names for the individuals and had 
succeeded in predicting their actions along the above lines, 
we might be said to have formulated a successful theory of 
the actions of the individuals in the modern sense of the word. 
With atoms, which are far less varied in their characteristics 
than human beings, there is a much greater chance of suc- 
cess than with human beings. Now, removing all lingering 
attempts to hang on to pictures and models, it must be con- 
fessed that it is really in some such sense as the above that 
the matrix theory may be said to constitute a theory of the 
atom. 


150 The Architecture of the Universe 


Now, I hear the rumblings of many maledictions descend- 
ing upon my head for the last sentence. Those who live in 
laboratory, who are primarily experimentalists, and who 
have a slight resentment against modern abstract ideas, will 
get a sort of angry satisfaction from the statement as exhibit- 
ing this upstart in his true colors. Those who belong among 
the abstract theoretical physicists will feel angry because 
they will wish to say that there is much more “meaning” in 
the theory than I have stated, even though they cannot say 
what the meaning is. One way of apologizing for the ac- 
tions of a notorious scapegoat is to show that other people 
are really just as bad in other ways, and so I will apologize 
for this scapegoat, the matrix theory, by saying that if you 
examine the matter critically enough, those theories involv- 
ing the so-called classical laws of dynamics with their models 
and what not are, in the last analysis, just as arbitrary. If 
we remove from them the adornment of the artificial flesh 
in which we have clothed them, we shall find in them no 
more than is to be found in a set of anagrams. How- 
ever, constant familiarity with the procedure has enhanced 
the palatability of those particular anagrams above all 
others. 

In the realms of abstract mathematics are to be found 
little oases rich in regularity — rich in law content. It is the 
object of the theoretical physicist to find one of these oases in 
which there is a one-to-one correspondence between certain 
essentials in the mathematics and the fundamental facts of 
nature. Then, those facts of nature can be thought of as 
fitted into a frame which connects them in an understand- 
able way — the frame provided by the mathematical struc- 
ture. The significance of the frame in relation to the facts 
which it connects may be illustrated by thinking of a com- 
plicated building the relationship of whose parts we have 
difficulty m understanding. It might be that by superpos- 
ing on the budding a wooden scaffolding of suitable type we 
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could enhance greatly the significance of the relationship of 
the different parts of the building to each other. We might 
more readily see that this tower lies on the intersection of the 
prolongation of these two terraces — that its top lies on 
a circle which passes through the apices of those five Roman 
arches and has its center on the ground, and so forth. Some 
of these things might be seen at a glance without the scaf- 
folding ; but the scaffolding having been constructed either 
in reality or in imagination, many more subtle relationships 
might be revealed. In this analogy, the building cor- 
responds, of course, to the facts of nature, and the scaffold- 
ing to our theories which attempt to harmonize them. 

The older atomic theories and modern theories are all, in 
the last analysis, arbitrary in structure, but the newer the- 
ories are free from being tied down to a certain t>pe, the type 
associated with models, and so can spread their wings with 
greater freedom over the beauties of nature. They do not 
have an “old man of the sea,” in the form of an everlasting 
equipment of machinery, riding on their necks. 

In speaking of the matrix theory in terms of a manipula- 
tion of letters, I have presented the matter in a true but pos- 
sibly most unpalatable light. The field of mathematics 
presents such beautiful possibilities as regards the rules 
which are available for the manipulation of the letters that 
the rules can almost claim prestige as “laws of nature,” even 
though we should have to confess that, in this sense, the laws 
of nature are made by man. 

The starting point in the matrix theory is a mathematical 
expression called a Hamiltonian function, after the famous 
mathematician. Sir WiUiam Hamilton. It corresponds to 
what I have spoken of in the above parable as the “name” 
of the individual. From our standpoint it may be regarded 
as a conglomeration of letters — a sort of cross between an 
ordinary algebraical expression and a word. It has plus and 
minus signs in it, and multiplication signs, but they do not 
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mean quite the same thing as in ordinary algebra. Then 
there are some mathematical equations which, from our 
standpoint, may be regarded as the set of rules by which we 
are supposed to perform the manipulation of the letters in 
the “name,” — in the Hamiltonian function, and these ma- 
nipulations lead ultimately to the numerical calculation of 
certain quantities which turn out to be equal to and are, 
therefore, associated with the frequencies emitted by the 
atom represented by the Hamiltonian function in question. 
The manipulation of the letters in the Hamiltonian function 
in another way leads ultimately to the calculation of certain 
numerical quantities which turn out to be proportional to 
and are, therefore, associated with the relative intensities of 
the light emitted by the atom in its different frequencies of 
vibration. 

Everything which is characteristic of one atom as dis- 
tinct from another is contamed in the form of the Hamil- 
tonian function for that atom. The Hamiltonian function 
is a more appropriate name for the atom than is the dic- 
tionary name. One is often asked the question, “How do 
you know that such and such is the appropriate Hamiltonian 
function?” (referring, for example, to the hydrogen atom). 
The question implies a lack of understanding of its own sig- 
nificance. In the parable of the individuals, of which I have 
spoken above, it is not a question of why a certain individual 
has such and such a name but rather that the name is the 
thing which is fundamental and that that particular indi- 
vidual simply happens to be the one who has that name. So 
if you ask me why the Hamiltonian function for the hydrogen 
atom is what it is, I have no answer. I can simply say that 
the hydrogen atom is the thing which happens to have that 
Hamiltonian function. I do not know why the Creator ever 
made such a thing, but there it is, and that Hamiltonian 
function is a much richer nemonic for the hydrogen atom 
than the word h-y-d-r-o-g-e-n. 
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Wave Mechanics. Hard upon the heels of the matrix 
theory of Heisenberg came the theory of Schrodinger and 
de Broglie. At first it seemed quite different from the very 
abstract theory of Hdsenberg. It seemed to promise a 
partial return to a line of thought palatable to the intuitions 
of our fathers. It looked as if we were going to be able to 
“see” the atom again. As the theor).^ grew older, however, 
it showed more and more resemblance in its essential to the 
matrix theory, so that we were reluctantly driven to regard 
it to some extent as a wolf in sheep’s clothing in its promise 
of a substantial “reality” of the kind which we loved in our 
youth. 

The crucial experiments which prepared our nainds for 
the point of view upon which the wave-mechanical theory of 
the atom is founded are experiments having to do with the 
reflection of electrons from crystalline metallic surfaces. 
According to our old pictures of electrons and atoms, an 
electron is about a hundred-thousand times smaller than an 
atom, so that the firing of an ordinary beam of electrons at a 
metal surface would be something like the firing of a wide 
“beam” of cannon balls in one direction at a flat surface cov- 
ered with irregular rocks. The irregularities in the rocks 
would be so great that we should not expect any simple rela- 
tionship between the direction of the incident beam of cannon 
balls, and the directions of the balls which glanced off the 
rocks. There would be no reflected beam. The reflected 
cannon balls would go in all sorts of directions, depending in 
each case upon the particular angle at which a rock w^as 
struck. To the eye of our vision, the surface of a metal 
might appear very smooth and plane ; but to the of the 
electron it would be like a rocky shore. How^ever, when 
experiments of this kind were tried, the electrons behaved as 
though the metal surface were quite smooth, even to their 
own scale of vision. In fact, the electrons were reflected 
in very much the same way that light of suitably chosen 
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wave-length would be reflected. I have already referred to 
the fact that a beam of monochromatic light falling upon a 
set of equally spaced lines in the form of a grating becomes 
reflected in the form of several beams whose directions of 
reflection depend upon the spacing of the lines and upon the 
wave-length of the light. I have also referred to the fact 
that a similar phenomenon happens in the reflection of 
X-rays from the regularly spaced structure which consti- 
tutes a crystal. Now it turned out that the beam of elec- 
trons acted in relation to the regular structure of the crystal 
just as a beam of light or of X-rays of suitably chosen wave- 
length would act. Moreover, the slower the beam of elec- 
trons, the longer was the wave-length of the waves which 
corresponded to them. Just as would be the case with light, 
or X-rays, a single beam of electrons, after reflection, became 
split up into several beams, each one traveling in a perfectly 
definite direction. But this was a most surprising and worri- 
some phenomenon, for our former concept of an electron was 
about as unlike our concept of a wave as anything under 
heaven could be. In order to restore our mental equilibrium 
on the matter, we proceeded to adjust our thinking along a 
slightly different line. We said, Oh ! the electron is all right. 
It is a nice round, small particle, as we always thought it 
was ; but what was wrong about our notions concerned the 
way in which it reacted with the molecules of the surface at 
reflection. We had thought of ‘‘bumps” between electrons 
and molecules, or of forces emanating from the molecules 
and turning the electron sharply aside when it came near. 
That was wrong. The view that was right was to suppose 
that the electrons were more like surf riders disporting them- 
selves upon the crests of waves in an all-pervading medium, 
only they were very expert surf riders ; for when a wave 
struck a rock and was reflected, they turned around and fol- 
lowed the wave “out to sea” again. There were no forces 
on the electrons arising from the reflecting surfaces. AU 
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these surfaces did was to affect the waves, and the electrons 
rode on the waves. The law of how things happen was 
transformed, as it were, from the electrons to the waves, and 
the electrons themselves had nothing to do but what they 
were told by the waves. The irregularities of the surface, 
which were so important to the eye of the electron, would be 
of far less account to the waves provided that their wave- 
length was great enough. 

But we cannot make such a radical change in our ideas as 
to the behavior of the electron without making some cor- 
responding changes in our notions concerning the atom, 
which is composed of protons and electrons. We all know 
how a lot of waves can combine together to produce some- 
thing which looks very unlike a wave. The bobbing up and 
down of the water in a bowl after we take our hand out of it 
may be made up out of a superposition of waves traveling 
back and forth across the bowl. As a matter of fact, almost 
any complicated disturbance of the water in the bowl can be 
made up of a suitably chosen system of superposed waves. 
Even in an infinite medium it is possible to make waves pile 
up in places and cancel each other in other places, so that the 
net result is a disturbance in a relatively limited region. A 
searchlight looks like a beam of something concentrated 
exclusively along a narrow cone emanating from the source of 
illumination, but we know that it can also be regarded as 
composed of light waves which go in all directions from the 
source, sideways as well as forwards. However, the lens of 
the searchlight produces such relative retardations in the 
different parts of the waves going in different directions 
that, after the light has passed through the lens, the various 
waves going in different directions cancel each other at all 
points outside of what we call the beam, and reinforce each 
other therein. If you should turn on the searchlight for 
only a hundred-millionth of a second or so, that which would 
travel out into space would be a sort of worm of light, and 
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yet this “worm” could be made up out of a lot of suitably 
chosen plane waves extending throughout all space, and 
canceling one another at all places except in the “worm.” 
The thing probabty looks impossible to the reader, but the 
mathematician can do it. He can analyze practically any 
disturbance in a medium into a lot of plane waves of this 
tjpe. Think what a thrill he must have experienced the 
first time he did it. 

The most modem theories of the atom have consequently 
sought ways of realizing the properties of the atoms by sup- 
posing them to be built up of weaves in the foregoing manner. 
In a sense, the idea is a reversion to a very old one. Many 
years ago. Lord KehTn hoped that some day or other we 
might explain all the properties of atoms by imagining that 
they were something like smoke rings in an all-pervading 
medium. A smoke ring is caused by a whirl of air which is 
set up in the surrounding air by the action of the mouth of 
the smoker. These smoke rings possess many interesting 
properties. For example, they attract each other when 
they come into each other’s proximity. However, the 
smoke-ring idea of an atom was not rich enough in content to 
provide for the desired properties and particularly for those 
revealed subsequently by a study of spectroscopy. The 
laws which governed the waves which guided the electrons 
in the more modern developments were found to provide for 
a richer story as regards the phenomena. 

And so we started anew on our atomic problem. The 
atom was to be some kind of a disturbance in an all-pervad- 
ing medium, a sort of state of beknottedness of the mediuin. 
The different atoms were to correspond to different kinds of 
beknottedness, and when the atom was emitting light, this 
beknottedness was to take up a quivering motion suitable 
for the light which was to be emitted. 

Now I am in rather a difficulty. I have spoken of the 
waves which guide the electrons — the waves on whose 
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crests the electrons ride like surf riders — and I have spoken 
of how a number of infinitely extending plane waves of this 
kind may conspire to produce a wave which does not spread, 
just as a searchlight does not spread. Perhaps I seem to 
have implied that the state of beknottedness which is the 
atom is simpty the superposition of these waves. I did not 
intend to imply quite as much as this. The state of beknot- 
tedness is something which is related to these waves in such 
a way that it does not exist when the waves do not exist, but 
it is not exactly the waves themselves. It would probably 
not make much difference to your understanding of the mat- 
ter if I said it was. However, I must be honest with you 
and admit that this state of beknottedness is not really what 
is obtained by the superposition of the w-aves. Its actions 
are controlled by the waves. It is, as it were, the body of 
the atom, while the waves are the soul. I might make this 
aspect a little more vivid to you were I to tell you that to the 
eye of the mathematician the waves are expressed partly in 
terms of what he calls “imaginary numbers,” that is, in 
terms of certain awe-inspiring mathematical abstractions 
involving the square root of minus one. However, I had 
better say no more of this. If you do not like the analogy I 
have given to illustrate the relationship between the waves 
and tlie state of beknottedness, you may think of the matter 
in another, perhaps somewhat crude way. Suppose that 
in the case of water waves the fish congregated in those re- 
gions where the intensity of the disturbance due to the waves 
was greatest. Then we should have two things to think 
about — the waves and the density of the fish. One is not 
the other, but one is determined by the other. 

And so, associated with the atom we have this state of 
beknottedness. Now, as I have emphasized so often in this 
book, the essentials of a good theorj’^ are that by saying few 
things as a starting point we may deduce many things as a 
consequence. The train of arguments associated with a 
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theory may be thought of as a sort of circle of arguments. 
If we start with the hypothesis A, we can deduce conse- 
quences B, C, D, and so on. If we start with B, we can 
deduce C, D, E, F, etc., and even go back to A. The physi- 
cist likes to find a circle of reasoning like this, which may be 
divided up into “stations of conclusions.” Then, if he can 
find one “station” of conclusions which is very simple and 
another which is very complex and corresponds to nature, he 
is happy. He can start at the simple “station” of conclu- 
sions (or hypotheses as he then calls them) and travel in his 
train of argument to the complicated conclusions and say 
that they are the consequence of the simple ones, or, if you 
like, the simple ones dished up in another form. A square 
steel plate is a simple enough affair, and the laws which gov- 
ern its vibrations when struck are extremely simple; yet, 
the vibrations when set up are horribly complicated — so 
complicated, in fact, that we may feel unable to calculate 
exactly what they are. Still we consider that we understand 
them, because they are the inevitable consequence of simple 
starting points. We should be very happy indeed if we 
could find a plate which when struck would give vibrations 
like those of an atom. We actually delight in seeking a sim- 
plicity which shall give birth to a complexity which is the 
complexity of nature, for then that complexity loses its hor- 
ror. We see it as a family of entities of diverse forms and 
characters, but we feel that we know them through their 
common and simple parents. 

Now one of the great beauties of the wave-mechanical 
theory of the atom lay in the fact that the mathematicians 
found a way of making a few relatively simple postulates as 
to the laws which the groups of waves associated with differ- 
ent atoms were to follow in order that what I have called the 
state of beknottedness in the medium which resulted should 
qxiiver in the kind of way that the various atoms quiver when 
they send out their light under all sorts of different kinds of 
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stimulation. It was then possible to regard this quivering 
state of beknottedness as quivering electricity and suppose 
that it emitted electromagnetic radiation according to the 
principles of classical electrodynamics. In this there were 
certain logical difficulties, but, for the time being at any rate, 
I shall not enter into these. 

To each electron as pictured in the older theories, there 
now corresponded a definite contribution to the state of 
quivering beknottedness, which did everything. The old 
electron had more or less lost its job, and the hope arose to 
explain everything in terms of the state of beknottedness. 
However, the electron was such an old friend that it seemed 
rather heartless to discard it entirely after it had, as it were, 
introduced the whole subject to us. It was the one tangible 
thing remaining in our thoughts. Moreover, there are one 
or two places where we observe phenomena which seem to 
call most naturally for the existence of particles such as elec- 
trons. There are, in fact, experiments in which we can actu- 
ally count the number of electrons entering a suitably ar- 
ranged collector. In such experiments as these, the electron 
is in a position to say to the beknottedness, “You may oust 
me, if you like, from the realms of atomic structure concerned 
with optics, but watch me go into that little collecting cham- 
ber over there, with my friends, and hear that bell which is 
connected to this electrical apparatus ring every time one of 
us goes in. Now, Oh quivering nebulosity, do that if you 
can.” We can imagine the quivering nebulosity retorting, 
“Very well, you can hang around the atom if you want to, 
but I will do only one thing for you : I w'ill express by my 
magnitude in any place the chance that you are in that place. 
Then, on the average, the amount of you and your brethren 
which are there will be proportional to the amount of me that 
is there. For aU else, you can be dead if you like, and any- 
thing you want to do has to be done on your own account. 
As a matter of fact, there is nothing for you to do, for every- 
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thing that has to be done about the atom is being looked 
after by me.” “But,” says the atom, “what are you? You 
haven’t any definite size or shape. You are not a material 
entity at all.” “I know,” says the quivering nebulosity, 
“ that my master, the physicist, does not like me very much, 
but at least I tell him the truth. He does not quite know 
where I get it from, but he has tested me out on many things 
and keeps asking me new questions, and so far I have always 
satisfied his curiosity correctly.” 

And then, as the mathematicians came to like the quiver- 
ing nebulosity more and more, they strove to see whether 
they could not make him, himself, look, in special cases, 
somethmg like an electron of the old vintage. Was it, in 
fact, possible to perform a sort of mathematical operation of 
dissecting a piece of quivering nebulosity from an atom and 
allow it to travel about in free space and there, in the elec- 
tron’s one remaining domain, duplicate his activities ? Alas, 
there a difficulty arose. I have already remarked how it is 
possible to combine a lot of waves into a sort of wave packet 
which does not spread. The searchlight was an example. 
But I omitted to say that it was not possible to do this abso- 
lutely perfectly. The searchlight really does spread, very 
little at first, but as it travels out it spreads more and more, 
and even if there were no absorption in the atmosphere it 
would eventually spread itself all over the universe. And 
so, while it is possible to invent a little “wave packet” which 
will travel along and hold itself together for some time, it 
will spread slowly and will eventually spread itself all over 
space. So once more the old electron was in a position to 
laugh at the quivering nebulosity wandering out of the atom 
and trying to keep itself together, for, of course, we cannot 
have our electrons expanding all over the universe. And 
then came a compromise between the two points of view, but, 
alas! a compromise which robbed us of our promised old- 
time reality in the picture of things. The compromise has 
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already been hinted at. It is to the effect that the state of 
beknottedness is not really the thing to which we must attach 
substantial significance after all. It represents not elec- 
tricity itself, but the chance of the presence of electricity. 
Let me be a little more specific. Let us suppose that we fix 
our attention on the amount of beknottedness at different 
points in the atom, or for that matter in all space, and let us 
imagine ourselves carrying an electronic butterfly net about 
space. Then, according to the most recent view of things, the 
relative values of the beknottedness at two different places 
are measures of the relative chances of our catching an elec- 
tron with our butterfly net at the tw’o places. And what do 
I mean by the relative chances? — ■ Just this : Suppose you 
put your butterfl}^ net at the point A and look inside it (of 
course, with an atomic eye). There may or may not be an 
electron inside. Suppose, for example, that there is not. 
Then try again ; this time there may be five electrons in it. 
Keep on trying, and when you have tried a large number of 
times, divide the number of electrons you have caught by the 
number of tries. Although each try may give jmu a different 
result, the “average” number per try will be the same for, 
say, a hundred tries as for a thousand tries, if the system does 
not change on the average during your experiments. Hav- 
ing obtained this average number of electron catches, at the 
place A, repeat the experiment at a place B. Then the ratio 
of the average catch per try at A to the average catch per 
try at B is the ratio of the relative chances of an electron 
being in a unit of volume at A and at B, respectively. The 
radical departure in our system of thought involved in this 
viewpoint consists in our replacing the certainty of law pre- 
diction by a prediction of mere chance. It is the kind of 
prediction that insurance companies make on your life. 
When they calculate that your expectancy of life at the age 
of forty is, say, twenty-eight years, that does not mean that 
if you live to seventy-five aU their calculations are wnong. 
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It simply means that in the case of a large number of people 
forty years old, the average life expectancy is twenty-eight 
years more. The insurance company tells you nothing about 
your own particular life other than to give you a warning. 
The number of people who are now forty and wiU live for 
sixty years more is very small; the number who will live 
for eighty years more is very much smaller, and it frequently 
happens that the chance of situations very far from the aver- 
age is very small. However, to return to our atomic prob- 
lem, there is now no particular difficulty about the spreading 
of a piece of beknottedness which leaves the atom. It does 
not mean that the electron spreads, but only that the uncer- 
tainty as to just what happens to an electron becomes greater 
and greater as time goes on. You may take a little wave 
packet representing an electron and start it off with a small 
size. You know that the electron will be somewhere in that 
packet. As the packet spreads, however, the imcertainty 
as to the exact position of the electron becomes greater and 
greater until, finally, when the wave packet has spread all 
over the whole universe, you have no idea where the electron 
is. Now wherever it may be, there is no necessity to sup- 
pose that it itself has participated in the spreading. It 
remains the old electron of our bo3ffiood days. And so the 
state of beknottedness, which seemed at the outset to give 
promise of functioning as the real electricity of the last cen- 
tury, had to assume a more abstract role. Consistency de- 
manded that such a role should extend itself also to that 
quivering state of beknottedness which had formerly given 
promise of representing the light-emitting atom. In the 
primitive picture, this state of beknottedness represented the 
real electricity in the atom and its vibrations were pictured 
as emitting light in the manner of classical electrodynamics. 
But the picture had encountered troubles of its own, quite 
apartffrom those imparted to it by the electron which^had 
tried to wander off alone in space as a piece of quivering 
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nebulosity, and had had to confess that it could not hold 
itself together. The quivering nebulosity in the atom quiv- 
ered with all of the atomic frequencies at once ; and, when 
started going moreover, it had no way of stopping itself. It 
did not know when it had emitted a quantum of any one of 
its radiations. It was like the sorcerer’s apprentice who 
succeeded in getting ail of the actmties of the establishment 
going at once and could put an end to nothing. All of these 
troubles became finally smoothed out by supposing that the 
quivering state of beknottedness was not itself to represent 
quivering electricity emitting light but was to represent, 
rather, an underlying abstract scaffolding which would tell 
us how to calculate the chance that light of any given fre- 
quency would be emitted. The procedure for using this 
underlying scaffolding is as follows. We first calculate ■what 
the rate of radiation of energy would have been for any of 
the atom’s frequencies had the quivering state of beknotted- 
ness represented real electricity. Then we say that the inter- 
pretation to be placed upon this quantity is that it is a quan- 
tity which determines the chance that the frequency in ques- 
tion shall be emitted. The way in which it determines that 
chance is fairly simply expressed and need not detain us now. 
It is supposed that when the atom does emit the frequency, 
it emits just one quantum of energy, i.e., an amount of 
energy equal to Planck’s constant h multiplied by the fre- 
quency. 

Thus the whole wave mechanical story becomes one in 
which we never ask ourselves where a thing is or how much 
light of a certain frequency will be emitted under certain 
specified conditions. We ask only the chance that a thing 
shall be found in such and such a place or the chance that a 
quantum of energy of such and such a frequency shall be 
emitted. Our theories and our mathematical structures are 
built up with the end in view of calculating these chances, 
and there our ambition ends. The story is similar with 
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regard to all atomic happenings, the emission of X-rays, the 
emission of photo-electrons and so forth. Our theories no 
longer concern themselves with the certainty of anything 
happening, but only with the chance that it shall happen. 

The nature of our theories is such that when extrapolated 
to the large scale things of life the chances which they predict 
amount practically to certainties ; but, in principle at any 
rate they are but chances. There is still a possibility that 
something other than what you expect will happen. New- 
tonian d3rnamics tells me that a year hence, the earth will 
arrive once more in its present position in relation to the sun. 
In the spirit of the wave mechanics, however, we can only 
say that this result is very likely, but not certain. 

It is perhaps worthy of note that the chances of the vari- 
ous atomic events, emission of radiation, emission of photo- 
electrons, etc., are calculated on the basis of an underlying 
scaffolding which is itself controlled by chance to a much 
smaller degree than are the observed events themselves. 
The situation is analogous to one where a statistician sets 
out to devise ways of calculating the chance that a person 
shall die of tuberculosis or that he shall go mad, etc., as 
functions of the temperature, humidity, wind velocity, etc., 
at the place where he lives. Having expressed what he 
thinks are the laws of these happenings, suppose that he 
then proceeds to calculate the temperature, wind velocity, 
and humidity from meteorological conditions by the ordinary 
d)mamical processes, starting from some such condition 
that the earth and atmosphere were in some specified con- 
dition at a certain time and that the rate of reception of 
radiation from the sun is a certain specified amount. Our 
statistician will then be analogous to the atomic physicist in 
the sense that his meteorological calculations will be analo- 
gous to the calculation of the state of beknottedness in the 
atomic problem, and his statistical assumptions relating the 
deaths from tuberculosis, etc., to the temperature, humidity. 
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etc., will be analogous to the atomic physicist’s calculation 
of the chances of the various atomic happenings from the 
state of beknottedness appropriate to the atomic problem.* 
It will be seen how very far the ambitions of the modern 
theoretical physicist in his attempts to unify nature, have 
departed from those of his predecessors of the last century. 
Were it demanded of me that I should try, in the fewest 
possible words, to give an idea of the significance of wave 
mechanics in comparison with the older forms of theories, it 
would not be in terms of models and mechanisms that I 
should have to seek my analogies, but rather along such 
lines as the following : 

In ancient times, when unaccoxmtable things happened, 
people attributed them to the gods. If thunderbolts fell, 
the gods were angry. If all was fair the gods were pleased. 
Of course it was necessary to come beforehand to some 
agreement as to the dispositions of the gods. Now in the 
modern theory of atomic structure, we may liken the atom 
to the gods, and a certain quantity which the mathematician 
calls we may liken to the disposition of the gods.f The 
mathematician formulates certain assumptions about 
certain laws which tell us how to calculate it in the normal 
state of the atom, and in any state of aggravation to which 
we may subject the atom. It is as though we had calcu- 
lated the dispositions of the gods in terms of any set of an- 
noying disturbances. Then we have learned to calculate a 

* The student of physics will see that I am here endeavoring to distinguish be- 
tween that part of the mathematical process concerned with the calculation of the 
function, and the statistical conclusions based upon that calculation, A more 
careful purpit of this matter would, in my judgment, lead us into a miicii more 
elaborate discussion of the significance of our theories in relation to nature than it 
is customaiy to make. Such a discussion would, naturally, be beyond the scope 
of this book. 

is the quantity which, in the discussion above, resulted from the super- 
position of the conglomeration of waves which determined the state of beknotted- 
ness of which we have spoken so much, ^ is crudely analogous to the displacement 
of the particles of water from their positions of rest in the case of a water wave. 

In the case of an atom emitting light, the quantities called matrix elements are 
quantities intimately related to the rates of radiation of energy in the different 
frequencies in the earlier illustration. 
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quantity called a matrix element, which is analogous to the 
anger of the gods. There are a variety of these matrix 
elements associated with any degree of disturbance of the 
atom. They represent the different kinds of anger of the 
atom. When the atom is angry it may do one of the various 
acts which it is capable of doing. It may emit a quantum 
of energy associated with one kind of light, or a quantum of 
energy associated with an X-ray, or it may hurl out an elec- 
tron. If, in general, the atom is angry in a lot of different 
ways at once, then the chances that it may do the various 
acts associated with the various kinds of anger are to be 
regarded as proportional to the intensity of the appropriate 
kind of anger. It will be observed that there is no certainty 
that the atom will do any one particular thing. There is 
merely a chance, a chance which is proportional to the kind 
of anger associated with that event. The atom is like a cat. 
You may torment it and it may do nothing, but the chance 
of getting scratched is proportional to the annoyance of the 
cat. There is no attempt to make a story of just how the 
atom operates when it “ strikes.” Indeed, the physicist has 
come to see that there is very much less content to that 
question than might be supposed. 

But, you may say, is this not a terribly complicated way 
of talking about atomic phenomena? No, it is ultimately 
more simple. In other words, we can get a better correlation 
between the various actions of the atom by referring them 
to laws about what we may call the “temperament” of the 
atom than by seeking an explanation in terms of springs 
and weights. After all, that is not surprising. Who would 
attempt to decide what an operatic prima donna, or, for that 
matter, any other woman, would do under given circum- 
stances by an appeal to the laws of springs, weights, and 
machinery? The fimdamental thing is that she is angry, 
for instance. That is the starting point, and there is no 
going back of that fact. Everything is accounted for in 
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terms of the anger, but there may be no accounting for the 
anger. 

The modem view of atomic structure which I have 
sketched very incompletely possesses an applicability and 
meaning over a much wider range of phenomena than was 
the case with the older theories. It is trae that we do not 
see just how things should go in certain cases, but the tmder- 
l3dng general principles seem to be there. The story of the 
atom’s light emission, of the conduction of electricity m 
metals, of the photoelectric effect, of X-ray phenomena, of 
electric fields necessary to pull electrons out of metals under 
different conditions, all of these become told in terms of a 
common language ; and, while the story of the nucleus, and 
of atom-building processes, has not been completely told, 
a good beginning has been made. 

In our discussion of the development of wave mechanics, 
we have introduced so many apologies and abstract con- 
cepts that the layman may wonder whether, in an endeavor 
to improve upon the older classical theories, we have not 
jumped out of the fr3mg pan into the fire. It would be 
rather hard to satisfy him on this point. It must sufi&ce to 
say that in spite of all the abstract concepts and complica- 
tions in adjustment of view point, the physicist feels that 
he has his house in better order than ever before. The 
pictures on the walls of the house are all very modern, and 
they may suffer the la3man’s criticism that they do not 
mean anything. However, they mean more to the modern 
physicist than the old ones which he has discarded; and 
what is more important, they hang together in a related 
fashion. The modem interior decorations of the atomic 
mansion may seem bizarre to the older school of thought, 
but they are harmonious in themselves. An eminent Ameri- 
can physicist, speaking with sympathy of the yoimger school 
of atomic physicists, but from the angle of the generation 
of the classicists, once said of the younger enthusiasts, “Well, 
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they don’t appear to know what they are doing ; but, they 
all do the same thing.” 

The Principle of Tndetermination. As a result of the view- 
point of wave-mechanics there has arisen in physics a prin- 
ciple which has caused a great deal of discussion. It is called 
' ' the principle of indetermination . ” In the foregoing, I have 
spoken of the incorporation of “ chance ” into physics. This, 
of course, introduces an indeterminateness into the subject, 
but the principle of indetermination, while dependent upon 
this, goes much further. To the writer it seems that the 
principle goes further than the wave-mechanics provides 
for ; but, at any rate, in the sense in which it seems to be 
understood by most people, its significance is as follows : 
According to our former view of things, based upon the 
mechanics of Newton, if we should start a particle off with 
a definite velocity, and if, at any subsequent instant, we 
should inquire of the laws of our subject as to its velocity 
when occupying some particular position, these laws would 
have a definite answer to the question. An example is pro- 
vided by the case of a planet going around the sun. In 
terms of the position and velocity of the planet at some 
instant, we can calculate the subsequent course of the planet, 
so that if anyone should say to us, “what is the velocity of 
the planet when it is in such and such a place? ” we can tell 
him. Even if we ourselves could not tell him — even if we 
did not know what the laws which controlled the planet were 
— we, nevertheless, have been accustomed to believe that 
they were such as to determine one and only one velocity 
for the planet when in a given position, provided, of course, 
that the appropriate things about the planet, position, 
velocity, etc., have been specified at some previous instant. 
Now the principle of indetermination says that, as applied 
to the atomic world at any rate, this idea is all wrong. It 
maintains that the ultimate laws of physics are such that the 
more closely we specify the position of a particle, the less 
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they tell us about its velocity. The principle has been ex- 
tended in its interpretation to the belief that, however 
much we try even to measure the position and simultaneous 
velocity of a particle with accuracy, nature will conspire 
to defeat us in our attempt to obtain accuracy beyond 
a certain limit. The imaginary experiment cited to illus- 
trate this idea is one involving an observer who tries to 
look at an electron under a microscope. A mid-Victorian 
physicist knows that he would not succeed in seeing the 
electron ; because, quite apart from imperfections of the 
microscope, there is a blurring of the image of the elec- 
tron arising from the fact that the light, with which in 
imagination the observer sees it, is composed of waves. The 
blurring is greater the greater the wave-length of the light 
in relation to the dimensions of the object to be seen. Hence, 
to get sharper definition, the observer uses waves of shorter 
length. He, in fact, invents m imagination an X-ray micro- 
scope, or even a gamma-ray microscope in the hope that he 
may spot the electron sufficiently definitely to know just 
where it is. However, the light with which he illuminates 
the electron gives it a kick in that very process of illumina- 
tion and so alters its velocity, in accordance with the phe- 
nomenon we have already spoken of under the name of the 
Compton effect. The shorter the wave-length of the light, 
the greater the kick, and, therefore, the greater the uncer- 
tainty in the velocity of the electron. In fact, the more the 
observer improves the appliances for locating the position 
of the electron exactly, the more the appliances themselves 
upset the accuracy of measurement of the velocity which the 
observer wishes to measure. In his endeavor to measure 
both position and velocity as accurately as possible, the ob- 
server is in the position of a singer who sings to the accom- 
paniment of a violin and a ’cello which are tuned to different 
pitches. The more he tries to sing in tune with one, the 
more out of tune he is with the other. Nature will allow our 
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observer a certain total amount of accuracy and no more. He 
can only improve his accuracy in measurement of position at 
the expense of his accuracy in the measurement of velocity. 

While this imaginary experiment with the gamma-ray 
microscope is usually cited as an illustration of the signifi- 
cance of the principle of indetermination, the writer cannot 
avoid the feeling that too much is made of it and that, in- 
deed, it is irrelevant even to what wave-mechanics has to 
say about the principle. For, after all, in physics we do not 
arrive at the magnitudes of such quantities as the position 
and velocity of an electron by looking at the electron and 
making measurements with a yardstick. We arrive at 
them by calculating what they must be in order to produce 
certain observable effects which are the objects of our study. 
W’’e use circumstantial evidence to determine them. We 
are in the position of a detective who, finding a bullet in a 
piece of wood, measures the depth of the hole, and from his 
knowledge of the properties of wood calculates how fast the 
bullet must have been traveling in order to have penetrated 
as far as it has. Even the astronomer, when determining 
the velocity of rotation of the sun does not obtain his result 
by direct measurement. He knows that if one edge of the 
sun is moving towards him, the light waves will be crowded 
together in their journey towards him and will, therefore, 
appear to have their wave-lengths shortened, and their 
optical “pitch” raised, just as the pitch of the whistle of a 
steam engine appears to be raised when the train is ap- 
proaching us. By measuring the rise in pitch of the light, 
the astronomer deduces, hy calculation, the velocity of the 
edge of the sun’s disc in the direction of his line of sight. 
The velocity concerned is thus a matter of calculation and 
not of direct measurement. 

The significance of all that can legitimately be claimed for 
the principle of indetermination can best be seen by examin- 
ing the origin of the principle from its mother, the wave- 
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mechanics. Let us return to those waves which at the be- 
ginning of our discussion of wave-mechanics were cited as 
representing an electron. I pointed out that an electron 
traveling in a straight line with uniform velocity behaved 
as though it were condemned to ride on the crest of a wave 
which had a wave-length inversely proportional to the ve- 
locity of the electron. We saw how a number of such waves 
could be combined so as to cancel each other’s effects at all 
points in space except in a limited region which we might 
assign ; and in the readjustment of our ideas we saw how the 
intensity of what I called “ the state of beknottedness ” at a 
place was a measure of the chance of an electron being there. 

Suppose now that we wish to specify that within a certain 
little region there is an electron, and that there are no elec- 
trons outside of that region. It must be our business to 
find a system of simple plane waves which cancel each other 
at all points outside the little region and reinforce each other 
within it. What then does the wave-mechanics say about 
the velocity of the electron? So far, I have said nothing 
about the matter, but the time has now come to say some- 
thing about it. The wave-mechanics tells us that we must 
proceed as follows ; We must consider all of the wi-aves which 
go to make up that state of beknottedness in the little region. 
There are waves of all sorts of different lengths. Each one 
of them by itself could be the wave-mechanical representa- 
tive of an electron with a definite velocity if considered by 
itself. The wave-mechanics teUs us that the electron in 
our little region may have any of those velocities, the rela- 
tive chances (or probabilities) of the different velocities be- 
ing measured by the relative intensities of the waves corre- 
sponding to them. Now, and this is the important point, we 
know from the mathematical principles underlying the com- 
bination of waves into groups that if we wish to make the 
waves cancel at all places other than in an assigned finite 
region, we must use an infinite range of aU possible wave- 
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lengths. If the region is very large, we can, if we wish, 
accomplish our end by a system of waves in which one wave- 
length predominates preponderatingly above all others. If 
the region is small, however, the desired end can only be 
accomplished by having a situation in which there is a wide 
range of wave-lengths, all of comparable importance. One 
wave-length may still predominate to some extent, but 
waves with lengths materially different from that wave- 
length demand a considerable share in the matter. If the 
region is extremely small, the preponderance of any one 
■wave-length over the others will be still less. From the 
standpoint of our association between the electrons and 
the waves, the situation is then this : If I choose a large 
region as the one where the waves do not cancel, I permit, 
on account of the size of that region, a great uncertainty as 
to the exact position of the electron. It may be anywhere 
in the region. However, the velocity associated with it can 
be made very definite, because I can construct my wide 
“wave packet” out of a group of weaves in which one wave- 
length predominates almost completely over all others. If, 
however, the region where the waves do not cancel is very 
small, then I have very little uncertain t)^ as to just where 
the electron is, but in view of the fact that the wave packet 
in the region is now composed of a very wide range of wave- 
lengths of comparable importance, and since each of these 
waves has a right to participate in the decision as to the 
electron’s velocity I am very uncertain as to the magnitude 
of that velocity. At the one extreme of possibilities we 
have the case of an infinitely small wave packet, in which 
case the position of the electron is defined with complete 
precision, but its velocity is completely undetermined. The 
velocity has a fair chance of being anything. At the 
other extreme of possibilities, we have an infinitely large 
wave packet. Such a case is illustrated, in fact, by a plane 
wave, extending throughout all space. There is perfect 
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definiteness as regards the velocity, but as regards the posi- 
tion of the electron, it may be an3rwhere. 

Now it will be seen from the above presentation of the 
situation that the whole “indetermination principle” arises 
from the peculiar way in which the waves are made to serve, 
on the one hand as the predictors of the chance that an 
electron shall lie within a certain region, and on the other 
hand as predictors of the chance of the electron having any 
given velocity. There is no uncertainty principle about the 
waves themselves and their associated states of beknotted- 
ness. The waves are as definite in any wave-mechanics 
problem as the waves of the sea are definite in a problem 
which concerns them. We take the waves as measuring, 
mysteriously, certain things about electrons which exist in 
them. There is no detailed mechanical or even mathemati- 
cal mechanism tying the electrons to the waves. All is told 
in a cold statement that such and such a property of the 
waves at a place shall measure the chance of the presence 
of an electron there, and such and such another property 
shall measure the chance of any assigned velocity. The 
indeterminateness which exists is to be found in the incom- 
pleteness of the manner in which the waves tell the story of 
the electrons in terms of the association which we have set 
up between the electrons and the waves. In this incom- 
pleteness there is a striking peculiarity which tickles our 
intellectual sense and makes us wonder whether there may 
not he a profound principle of nature there. The fact is 
that, with the limited means with which we have endowed 
them for tire purpose of telling the story of the electrons’ 
doings, the poor waves are like persons with one-track 
minds. Ask such a person to think of something involving 
two ideas, and the more he ponders over one the more be- 
fogged he becomes concerning the other. The waves are like 
a bad pianist. The more he concentrates on the left hand, 
the more wild goes the right hand, and vice versa. 
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As regards its story of the electron, the wave mechanics 
is like a language which lacks the vocabulary necessary to 
tell a complete story. It may be argued that, since nearly 
all of our experiments deal with aggregates of electrons, 
our data are nearly always statistical, so that the wave me- 
chanics tells us all that we can hope to know in practice. 
This may be true, but the statement is different from one 
which maintains that the wave mechanics denies the possi- 
bility of our ever setting up a more fine-grained law system 
which would specify and determine things more exactly. It 
might be very useless to set up such a system, but that is a 
criticism different from the denial of its possibility. The 
arguments pro and con in this connection may be illustrated 
by a parable. There was a Chinese chemist, and he wrote a 
book on chemistr>^ in the Chinese language. In the book he 
described the properties and methods of preparation of all 
known chemical compounds. As I pondered upon the 
writings of the Chinese chemist, it occurred to me to think 
of other compounds which, it seemed to me, might some day 
be made. But I saw no way to describe these compounds 
in the Chinese language, so I went to the Chinese chemist 
about it. He grew very wrathful, and said, “You are talking 
nonsense. There can be no such compounds as you are 
thinking about.” “Why not?” said I. “They are very 
like some of the other compounds in the book, but they are a 
little harder to prepare. Why can there be no such com- 
pounds ? ” “ Because,” he said, “ there would be no place for 
them in my language if they existed.” I meekly remarked 
that possibly a place might be found for the compounds of 
my dreams, and for all the others in a more comprehensive 
language, such as the French language — a tongue with a 
greater richness of content as regards the things I wished 
to talk about. However, the Chinese chemist would have 
none of it. “No,” he exclahned, “my language is a won- 
derful language; it was made by the King of Heaven. I 
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believe that it speaks the truth, the whole truth, and nothing 
but the truth, arrd that no compounds, thoughts, or actions 
which cannot be described in it have any existence in na- 
ture.” I went away and pondered long and deeply, for 
truly his language was very, very beautiful and described 
many varied and profound things. Yet I could not help 
but dream of things which were not in it. For the moment, 
however, the Chinese chemist had me “ on the hip,” for in 
all verity there were in existence no compounds which could 
not be described in his language. And so, you will have 
seen that in the parable the Chinese language was the wave 
mechanics. The compounds which the Chinese chemist 
had described in his language were the known facts of nature. 
The compounds I had thought of were simultaneous deter- 
minations of positions and velocities of electrons, and the 
Chinese chemist’s denial of the existence of these compounds 
was the principle of indetermination. 

And now, let me go to a yet higher level of sophistication 
in the matter. You may follow me or not, as you please. 
I am going to state a rather shocking fact and admit that, 
after all, we have been talking more or less nonsense in the 
last few pages and have been worr3dng ourselves about 
shadows. The principle of indetermination has smitten the 
electron and has denied it the luxury of definiteness in its 
actions. It has said that such things have no place in 
nature. Very well ! I wUl not resurrect the electron, but I 
will strike back at the principle of indetermination and say 
that it also has no place in natmre. I will not allow the 
electron to be born and thus will save it from such cruelty 
at the hands of the principle of indetermination. 

The situation actually is this : The ultimate object of 
physical science is to correlate our ultimate experiences with 
our experiments. We say that we set up apparatus and 
measure the number of electrons going through a certain 
hole. We do no such thing. We make settings of certain 
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electrical instruments, and we make readings of others. 
From our readings and settings we calculate these visions of 
electrons going through holes, and the like. Our real rela- 
tionships are between such things as the settings of our in- 
struments of measurement, which determine the experiment 
we intend to do and the readings of those same instruments, 
which constitute the symbol of the results obtained. I 
could go even further and talk about everything in relation 
to our thoughts involved in doing the experiments and our 
thoughts mvolved in interpreting the results, but such so- 
phistication is unnecessary for my immediate purpose. 

Now in the wave mechanics the complete story of the ex- 
periment and its results can, in the ideal case, be told in 
terms of the waves and the wave pockets alone. We ought 
to relate these waves not to electrons, but to the readings 
of our instruments. The electrons are only intermediary 
visualizations inappropriate to the spirit of the wave me- 
chanics itself. They are “pieces” from the wreckage of 
former theories, seeking a place in the newer structure of 
the wave mechanics. Earlier in this chapter, I remarked 
how it frequently happens that things which are very simple 
on the basis of the old mechanics (such things as the vibra- 
tions of springs, the workings of electrical instruments, etc.), 
are very complicated on the newer theories. In practice we 
make a sort of junction of the two kinds of reasoning at cer- 
tain stages of our processes of reasoning. Thus, suppose 
we are concerned with some subtle phenomenon involving 
X-rays, in wMch, in ordinary language, some electrons are 
finally made to enter a little cage and charge up a measuring 
instrument attached to it, the readings of this instrument 
being the ultimate end of our observations. The subtle 
phenomena concerned with the X-rays may all be told very 
beautifully in terms of the wave mechanics, even without 
the electron. But then, in the collecting cage we shall 
have nothing but a wave packet, and it will remain to tell 
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the story of the cage and of the electrical instrument and all 
of its doings in terms of this wave packet and of the various 
wave phenomena set up in the cage and instrument. This 
becomes a horribly complicated problem. It is such a pity 
that wave mechanically the problem becomes now so diffi- 
cult in just those places where it was so easy by classical 
methods. So we make a transition in our reasoning, and 
here the electron becomes useful. We ask the wave packet 
in the collecting cage for its interpretation in terms of elec- 
trons. Having secured this interpretation, we dismiss the 
wave packet and go on with the electrons and measuring 
instruments according to the physics of thirty years ago. 
We do this because we have good reason to believe that in 
the completion of the story, in the part concerned with the 
operation of the electrical instruments, there is nothing 
peculiar which could not be told as well in terms of classical 
theories as in terms of modern theories. However, it is 
necessary to admit that, in principle at any rate, it should 
be possible to tell the whole story of the experiment without 
introducing the electron at aU. The task might be too great 
for our abilities, and might require more knowledge of the 
universe than we have, but we must admit that the math- 
ematical mechanism exists, even though we do not know 
what it is and could not carry out its operations even if we 
did know what it was. In a procedure which carried the 
wave-mechanical process through, logically, to the end of 
the problem, the intermediate scaffolding necessary in our 
thought, for the purpose of relating the actual things which 
We do in the experiments to the things we observe need be 
only the waves and wave packets, with no thought of elec- 
trons. Then, as regards the story thus told, there would 
be no principle of indetermination at all.* 

* Quite apart from the particular aspect of the matter presented by the principle 
of indetermination, the specialist in wave mechanics will probably maintain that 
the statistical ideas of wave mechanics go farther than I have here implied. He 
may take the illustration of sending an electron through a fine hole in a screen with 
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a given velocity acquired in passage from a liot filament to the hole, the velocity 
being measured in terms of the reading of a voltmeter connecting the lament and 
screen. He may point out that, if collecting electrodes are arranged in different' 
positions to receive the electron after passing through the hole, the electron in suc- 
cessive experiments will sometimes strike one electrode and sometimes another 
even' though the reading of the voltmeter may be the same in all cases. He may 
argue that here we have in most tangible and practical form an illustration of the 
purely chance aspect of the phenomenon. My answer is that, for the example 
cited, there is no criterion that the readings of the voltmeter provide a sufficiently 
complete specification of the ^‘initial conditions” of the problem. The situation 
may be crudely analogous to one where, in a system of astronomy controlled by 
equations of motion of the third order I extrapolated my ideas down from the 
Newtonian equations of the second order to expect that I could determine the 
motion of a planet completely by specifying its initial position and velocity. I 
should, of course, find that such a specification of the initial conditions would not 
provide for a unique solution either in my observations or in my calculations. 



Chapter V 

Certain General Principles in Physics 

Suppose I should wish to know how the French nation, 
the German nation, and the American nation would react 
towards one another in a certain specified pohtical situation. 
One way to proceed would be to make the personal acquaint- 
ance of every Frenchman in France, every German in Ger- 
many and every American in America. I could study the 
relationships of the various individuals to their friends, 
their likes and dislikes, and so forth. Then, in discussing 
the political situation in question, I could invoke all of this 
knowledge for concluding exactly what would happen. I 
could picture all the petty squabbles involving the personal 
likes and dislikes of the different members of the govern- 
ments. I could form an impression of the kind of laws they 
would be likely to have made on the basis of their past his- 
tory, and finally, from all this maze of information, I could 
dissect out the conclusion with which I was really concerned, 
the broad result of the political situation originally specified. 
But would it not be very foolish to go about the matter in 
this way? I should obtain so much information which I 
did not wish to have, and at the expense of so much labor in 
getting it and so much more labor in discarding most of it. 
Would it not be better to seek the mfonnation which I 
actually needed from a discussion of the characteristics and 
forms of government of Frenchmen, of Germans, and of 
Americans, each taken as a whole? It is true that the story 
so extracted would be less complete than would be the 
story gleaned from a detailed knowledge of each mdividual, 

179 


180 The Architecture of the Universe 


but it might be complete in all that I required. It may not 
tell me that in the course of negotiations for a national loan 
Monsieur X blackened the eye of Herr Y, because of a re- 
mark of the latter concerning the color of the eyebrows of 
the former, but, after all, I am not interested in this in- 
cident from an international point of view. I am not m- 
terested in the petty chatter of the individuals, and if I 
will consent to be satisfied with a story complete in its 
broad features even though it is incomplete in details which 
do not concern me, then I may greatly simplify my work. 
Indeed, it may be impossible to obtain the detailed informa- 
tion concerning the individuals, so that if I wait for a solu- 
tion of the problem in its broad features until I can ac- 
company it with the solution of all the irrelevant appendages, 
I may wait in vain for eternity. 

And so, in the realms of the physicist, there are many 
things concerned with matter in bulk w’hich seem as though 
they should be capable of discussion without an appeal to 
the actions of the individual atoms of which the matter is 
composed. Indeed, the laws for matter as a whole were 
developed fairly extensively long before we talked of atoms 
in anything like the detail in which we talk of them today. 
Their forms have, as I have already emphasized, greatly 
controlled the forms of the laws which people have tried to 
fit to the atoms themselves. Such laws are the laws of 
elasticity, which tells us among other things that if we double 
the puU upon a piece of elastic we double the extension, or if 
we double the pressure on a gas we halve the volume. Such 
laws are the law of conservation of energy and the second 
law of thermodynamics, which we shall presently discuss in 
some detail. Any laws of atomic structure, which are to 
be in harmony with the facts must, of course, agree with, 
and indeed contain as a consequence, the laws of matter in 
bulk, but for many situations concerned with the large- 
scaled things of life it is the coarse-grained laws which suffice 
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for our purpose. We do not need to listen to the petty 
chatter of the individual atoms in order to discuss the hap- 
penings in their aggregates. 

Most of the coarse-grained laws of physics are of a form 
such as to tell us- that if we do a certain thing A, certain 
consequences B will happen. However, there is one very 
important type, represented by the second law of thermo- 
dynamics, which takes another form of expression. It does 
not tell us what we can do in a certain situation, but what we 
cannot do. It is the type of law which seems to have con- 
trolled a good many of the saints, who appear to have been 
canonized for the most part for what they did not do rather 
than for what they did. However, the positive value of 
such “physical prohibition laws” is that it is usually possi- 
ble to deduce what really does happen from the statement 
which they make as to what must not happen. 

The Conservation of Energy. Here I must make a digres- 
sion to explain what every high-school boy is supposed to 
know but doesn’t, the difference betAveen force and work. 
I sometimes wonder why high-school boys are supposed to 
be able to appreciate such matters so readily when, but 
three hundred years ago, they were such sources of confu- 
sion to some of the best minds in science. However that 
may be, let us try to crystallize the essential ideas involved 
in the difference in question. In the phraseology of the 
text books in physics, “Work is done when a force moves 
its point of application.” Let us see what this means. 
Suppose you are in the act of wheeling a wheelbarrow up a 
hill. If you stand still, you will have to exert a force on the 
wheelbarrow; otheiwise it will slide back down tlie hill. 
While you are exerting this force, you are not doing any 
work in the mechanical sense. The occupation may be 
very tiresome, but you are not doing any work. When you 
start to walk up the hill, however, you will be exerting that 
force and moving its point of application, the wheelbarrow. 
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Under such conditions, you are said to be doing work, and 
the work you do is measured by the product of the force you 

exert into the distance you move. Now you may not like 

this definition. You may think that you were doing work 
when you just “held” the wheelbarrow so as to prevent it 
from rolling down the hill. At any rate, if it were your life’s 
work to do that you would say that you had a job and 
worked for a living. When we use the term '^work'' in 
science, however, we use it in one definite sense, and when 
we use the term “force” we use it in one definite sense. 
You inay think that you are ‘^working” when you just hold 
the wheelbarrow against sliding back. Very well I sfig]] 
not ape with you except to say that what you are’doing is 
not the kmd of “work” we are going to talk about any 
more than your “force of character” or “force of circum- 

stances represent the kind of “force” we are going to talk 

about But you may ask me why I choose such a curious 
definition of work as “force multiplied by distance.” Well 
we choose it because that represents a quantity which hap- 
pens to have useful properties in science. If you were the 
owner of a mountain railway, you would find that your 
power bill was determined by the amount of work done in 

hauling the cars about, the amount of work being measured 
in that sense. 

Let us spose that we push a car up to the top of a hill. 
Wpould let It run down by its own weight, and if we did 
nothmg to stop it, it would acquire a dangerous speed. If 
we should aUow it to strike a huge spring at the bottom of 
tpiull. It would compress it. It would exert a force upon 
tfie.sprmg and the point of application of that force would 
move as the sprmg was compressed. When we pulled the 
carp the hill, we did a certain amount of work. The car 
at the top of^the HU was at rest, but it possessed the poten- 
phty^of domg work by sUding down the hill and compress- 
mg the sprmg. It possessed what we call “potential en- 
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ergy” Just when it had reached the bottom of the hill and 
was about to compress the spring, it possessed what we call 
“energy of motion” or “kinetic energy.” As it compressed 
the spring, it did work and gradually lost its kinetic energy 
until, by the time the spring was compressed as far as the 
car could compress it, the latter would have lost all of its 
kinetic energy. The spring would have acquired potential 
energy, however, for it would now start to push the car 
back, doing work on it and increasing its velocity, rmtil it 
finally shot it up the hill again, to the point from which it 
originally descended. The car would now, once more, 
start to descend, and were it not for the unavoidable loss 
of energy through friction in the wheels, etc., the merry act 
would go on forever. Apart from the effects of friction, if 
we should measure the work done in originally pushing the 
car up the hill, we should find that it was just equal to the 
work which the car did in compressing the spring to its 
limit of compression. In pushing the car up the hill, the 
force applied was relatively small, but the distance was 
relatively great, and the work done was the product of the 
two. In compressing the spring, the average force of com- 
pression would, under ordinary conditions, be much larger, 
but the distance of compression would be much less. How- 
ever, we should find that the total work done in compressing 
the spring would be just equal to the total work done origi- 
nally in pulling the car up the hiU. We can prove this result 
either experimentally or theoretically from our knowledge 
of the way in which forces control the motions of bodies. 
But it is only because we define work and force in dynamics 
in the way we do that this simple conclusion follows. It is 
only because we have so defined them that it turned out that 
work done on the spring in one part of the process was equal 
to work done in pulling the car up the hill in another part 
of the process. The thing which the laws of nature gave 
us was that the little force up the hill multiplied by the 
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long distance was equal to the greater (average) force of 
compression of the spring multiplied by the shorter distance, 
the distance of compression. It was because of this equality 
that it was convenient to give this thing which expressed 
the equahty a name, the name “work.” Had we defined 
work as the force multiplied by the square root of the 
distance, there would have been no such simple relation 
between the so-called “works” performed at different stages 
of the process. One of the reasons that the laws of nature 
are as simple as they are is that mankind, being uncon- 
sciously wise, has chosen to give names to those quantities 
which happen to be related in simple ways. 

In the problem of the car and the spring, we speak first of 
the work done in pullmg the car up the hill. Then, at the 
top of the hill, we speak of the car as having potential energy 
which we define as equal to the work done in bringing it 
there. When the car has slid down the hill, we speak of it 
as losing this potential energy but gaining kinetic energy 
until when it is at the bottom of the hill once more its energy 
is wholly kinetic. We measure this kinetic energy by the 
amount of work the car is capable of doing in virtue of it. 
Our definition has a consistent meaning, for it turns out 
that it does not matter whether it compresses a light spring 
through a great distance or a stiff spring through a small 
distance, the work done is the same. When the car was 
part of the way down the hill, its energy was partly potential 
and partly kinetic, the potential part being represented by 
the work required to pull it up to the position which it occu- 
pies at the moment, and the kinetic part, by the amount 
of work which it could do simply in virtue of that motion, 
even though it should not be allowed to alter its level. At 
each stage of the process the sum of the kinetic and potential 
energy of the system as a whole is equal to the work done 
on the car in pulling it to the top of the hill. Now, the result 
applicable to this very simple illustration is capable of gen- 
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eralization to a much wider field. No matter how compli- 
cated the appliances may be, we can show from our knowl- 
edge of the way in which ordinary mechanical forces pro- 
duce motion that, for the case of such forces, starting with 
any configuration of the system, the total amount of work 
done subsequently on all parts of a system is equal to the 
total sum of the kinetic and potential energies of all of its 
parts, where the potential energy represents the work we 
can get out of it, by bringing its parts back to their original 
positions in relation to each other and to other things, with- 
out altering their velocities, and the kinetic energy repre- 
sents the work which can be gotten out of the system at any 
stage by reducing the velocities of its various parts to their 
origmal values, without altering their positions. It will be 
seen that the terms “kinetic” and “potential” energy are 
really, to some extent, an intermediate scafiolding in our 
thoughts. The essential thing is that the total amount of 
work wre can get out of the apparatus, machine, or combina- 
tion of machines is equal to the amount we put into it, so 
long as the initial and final state of all of the appliances are 
the same. The work may have been done on only one part 
of the machine, and the work obtained from it may have 
been obtained from various parts, but the conclusion is 
unaltered. 

As I have said, the foregoing principle is one which we can 
actually prove for all the mechanisms in which we can trace 
the details of the actions of the forces, and it is customary 
to extend the belief of it into realms into which we cannot 
follow the details of aU that happens, such realms as those 
of chemical processes, etc. In this form the principle be- 
comes the well-known principle of the “Conservation of 
Energy.” One word of caution must be added. We have 
not spoken of the effects of friction, which might cause our 
car, for example, to lose all of its velocity without there 
being any work to show for it. For the moment we shall 
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suppose such effects absent, and shall speak of them in de- 
tail later. 

Now by the use of the principle of conservation of energy 
it is possible to solve a number of problems without the 
necessity of entering into the details of all the processes 
which occur in connection with the problem. Suppose, for 
example, you present me with a box containing a mechan- 
ism about which I know nothing, and suppose that two 
strings, A and B, hang out of the bottom of it. Suppose 
I find that by pulling the end of A down one foot I raise the 
end of B two feet. Then, I know that if I exert a force 
equivalent to the weight of two pounds on A it will just 
balance one equivalent to one pound on B, for if I should 
very slowly pull the end of A down one foot, exerting the 
force of two pounds, I should do 2 X i = 2 units of work, 
and I know that the weight on B must be such as to give 
an equal amount of work, namely, two units, when multi- 
plied by the two feet which it moves. Hence the weight 
on B must be one pound. If it were only half a pound 
then, if I insisted on exerting the force of two pounds on A, I 
should find that it would be too much to just accomplish the 
act of raising the weight on B. The excess would go into 
producing kinetic energy in the weights on A and B, and 
these would go on moving faster and faster the longer I 
pulled. Of course, in discarding knowledge of the internal 
mechanism of the box, I assume that there is nothing in the 
box which of its own accord absorbs energy from the work I 
do. I assume that there are no springs which become wound 
up or compressed, and that there are no large masses to 
which I give kinetic energy by my activities. The problem 
I have cited is cited only as an illustration, however. In 
general, when we use the principle of conservation of energy in 
the solution of a problem, we have to know enough about the 
system to know whether, and to what extent, the work which 
we do becomes absorbed in the energy of the system itself. 
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The kind of apparatus devised by perpetual motion cranks 
can frequently be seen to be erroneous with very little effort 
by examining it from the standpoint of the principle of con- 
servation of energy. The crank presents you with a ma- 
chine, or rather a drawing of a machine (very rarely is the 
machine presented), for which certain things are claimed. 
You look at the drawing, and see that if the machine were 
to do what it is said to do, then it would, by absorbing a 
little work to start it, go on forever, doing as a result an un- 
ending amount of work on its own account. You tell the 
inventor he has made a mistake. Usually, however, he is 
not satisfied. He asks you to go through the machine with 
him in detail, so that he can convince you that there is no 
mistake. But sometimes the machine has such a conglom- 
eration of cogs, wheels, and pulleys that you will have a 
terrible time if you accept his invitation and try to point 
out to him the exact spot in his mechanism where his argu- 
ments fail. It is probably on account of the complexity of 
his mechanism that he has landed into error. He has gone 
on elaborating his machine more and more until confusion 
has overtaken him, caught him in her net, and left him, the 
sorry victim of her wiles, in the belief that he has, somehow 
or other, circumvented nature. 

But it is not only for the annihilation of cranks that the 
principle of conservation of energy is useful. Thus, let us 
consider an automobile battery. That battery was charged 
by a dynamo, and the dynamo was driven by some source 
of power — let us say a gas engine. The battery, in virtue 
of its charging, is capable of running some other machines ; 
and, the amount of work which they will do in the process 
of discharging the battery is — apart from losses to which I 
shall presently refer — equal to the amount of work done 
by the gas engine in charging the battery. When the bat- 
tery is charged, it possesses potential energy, j.e., the power 
to run machinery and do work. We measure that potential 
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energy by the amount of work the battery is capable of 
doing in virtue of its charge. The battery may be dis- 
charged partly by causing it to do mechanical work, as by 
running a djmamo, partly by charging some other battery, 
etc. ; but at any stage of the process we can be certain that 
if we estimate the amount of work which the battery has 
done directly or indirectly, and the amount of potentiality 
for doing work remaining in itself and in the other batteries 
it has charged, and the amount of kinetic energy residing 
in any part of the apparatus as a result of the indirect ac- 
tivities of the battery, and if we add together these three 
amounts, we shall obtain a result equal to the amount of 
work originally done in charging the battery. If we know 
how much kinetic energy we have imparted to this flywheel, 
we know how much potential energy we have left in those 
batteries and in that spring. If we measure the potential 
energy we have in the spring, we know how' much we have 
in the batteries, and so on. At each stage of the process, 
we have a grip on the situation and know where we are. We 
are like a person who has so much wealth, partly in houses, 
partly in money, partly in bonds, etc., and who is in the 
fortunate position of knowing what each part is worth in 
terms of the others, and of being certain that the relation- 
ship will not change, that the value of his stocks will not 
go down. We do not even need to know how the battery 
works in order to use the principle, any more than the man 
with wealth needs to know the details of the working of his 
stockbroker’s office. All he is concerned about in connec- 
tion with the office is that it shall not waste anything or 
charge him anything, and all that we are concerned with in 
the battery is that it shall not waste anything. Alas ! the 
stockbroker does charge something, and there is waste, but 
that will only serve to make the analogy more perfect as we 
shall presently see. Apart from this waste, we have the 
total energy completely conserved throughout all of its in- 
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terchanges from one form to another. Physicists like very 
much to find in their science things which are conserved in 
this way. They love to find some principle such as the 
conservation of energy, a principle which applies not merely 
to one special problem but to all problems, a principle which 
may save them labor in enabling them to find what they 
want to find without talking about more than they wish to 
talk about. 

Now there is, alas ! a complication which enters to mar 
the complete harmony of the foregoing story. If the car 
which figured in our former illustration were hauled to the 
top of the hill, allowed to run down and bump against the 
spring, rebound up the hill again, return and hit the spring, 
etc., we know that the merry switchback performance could 
not go on forever. The recoils from the spring would be- 
come less and less each time, and finally the car would be 
found at rest, not even pressing against the spring if the hill 
became level at the bottom. Everything would be at rest 
and devoid of all appearance of liveliness. There would 
apparently be nothing to show for all the work we did orig- 
inally in pushing the car up the hill. All power to do any- 
thing would appear to have evaporated, and the significance 
of the conservation of energy would appear to be spoiled. 
Now, one of the great discoveries of the last century was 
the discovery that there was something to show for that 
energy which, apparently, was lost. We know that if there 
were no friction in the working of the wheels against the 
rails, in the axles, and in the mechanism of the car, etc., the 
switchback motion would go on forever. It would actually go 
on longer if the axels of the wheels and the mechanisms were 
oiled than if they were dry. We also know that this friction 
which stops the car is accompanied by the production of 
heat. Anyone who has, inadvertently, driven his automo- 
bile with the brakes on is experimentally aware of this cir- 
cumstance to an extent which would only make it irritating 
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for me to recall the details at length. Now, what the physi- 
cists of the last century discovered was that, regardless of 
the way in which the heat was produced, the amount of it 
produced for a given expenditure of work was always the 
same. Thus, to imagine a h)7pothetical experiment, if we 
raise a 50-pound weight 10 feet, we do a certain amount of 
work. If we let the weight fall into a bucket of water, it 
will acquire kinetic energy in its fall, and this wiU apparently 
be lost in the commotion set up in the water in the bucket 
when the weight dropped in ; but, we find the water heated 
as a result. Now, we might vary the experiment. We 
might haul the 50-pound weight up 10 feet as before ; but, 
instead of letting it fall directty into the bucket, we might 
let it work a dynamo by its fall, and then cause the dynamo 
to light an electric lamp placed in the bucket of water. The 
lamp would, of course, heat the water, and when all the 
heat produced as a result of the fall of the weight was taken 
into account, we should find that the amoxmt of it was the 
same as was produced when the weight was dropped directly 
into the water. In the experiment involving the dynamo, 
a little of the heat produced would be produced in the mech- 
anism of the dynamo. You may be a little worried as to 
how we could compare the quantities of heat evolved in the 
two cases, since the quantities produced are produced in 
different things. You are justified in your difficulty. I 
ought to say a good deal more about this, and would do so 
were this book a regular course in physics. However, the 
points involved are not particularly relevant to anything of 
importance, so I will be subtle and get around the difficulty 
for this particular case. I will ask you to suppose that, 
even in experiment No. i, where the weight was dropped 
directly into the water, the dynamo and other mechanisms 
were also present in the water, although in this case they 
must not be allowed to do anything but share in the heat 
evolved by the weight when it falls in. And in experiment 
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No. 2, the dynamo and mechanisms shall also be in the water 
all the time. In this way, we insure that, in both experi- 
ments, the things ultimately heated are the same, so that 
all that we have to show in order to establish the equality 
of generation of heat in the two cases is that the rise in 
temperature of the bucket and its contents are the same for 
each experiment. 

The First Law of Thermodynamics. Once we have real- 
ized that the heat produced in a given expenditure of work 
is always the same, regardless of how the work is done, or 
split up into different forms, we have only to measure the 
heat produced in a suitably chosen manner in order to be 
able to say that, regardless of the method of producing the 
heat from work, the amount of heat produced is proportional 
to the work which is expended. The recognition of the fact 
that, whenever the fruits of work done are apparently lost, 
there is a corresponding generation of heat which, measured 
in a proper way, is the equivalent of the loss, is one of out- 
standing importance. It was one of the greatest contribu- 
tions of the last century to our harmonization of all of the 
activities of nature with the few which, through mechanisms 
of our own construction, for the most part, we were able to 
study in detail. The recognition of the equivalence between 
work apparently lost and heat generated restored to our 
vision once more the idea of the conservation of energy. 
The energy which was apparently lost had not evaporated 
into nothingness. There was something to show for it, and 
that something was the heat produced. 

Suppose we start with a system in any condition and con- 
figuration, and after doing work on its parts, and allowing 
it to do work, we finally bring it back to the original condi- 
tion once more. Then, the excess of the work we do on the 
system over and above that gotten out of it is represented 
by a definite production of heat which is the same regardless 
of the particular details as to how the work was done at the 
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various stages. The principle summed up in this form is 
known as the First Law of Thermodynamics. 

There w^as a time when people thought that heat was 
indestructible and uncreatable, as matter was supposed to 
be. They even pictured a kmd of fluid, “caloric,” which 
was “heat.” When a hot body was put into contact with 
a cold body, it was supposed that caloric flowed from the hot 
body to the cold body until both attained the same “ degree of 
hotness,” the same temperature. Perhaps the greatest jolt 
which the caloric theory of heat suffered in the initial stages 
of the maladies which finally led to its extinction was the 
jolt w'hich it received in the mind of Count Rumford when, 
w^hile watching the boring of a cannon, he observed the 
creation of an apparently inexhaustible supply of heat, an 
amount so great that it seemed quite out of the question to 
think that it had been squeezed, in some ^¥ay, out of the 
substance of the borings. Suppose that you had pictured 
heat as something like oil, which could be absorbed by bodies, 
and could pass from one body to another, and suppose that 
you should drive your automobile with the brakes on. If 
you did not drive it so fast as to burn the brakes up, you 
could go on for a very long time generating heat in such 
amounts as to be capable of boiling barrels and barrels of 
water. If you had formed the opinion that heat was a kind 
of “oil,” you would indeed be at a loss to know where all 
the “oil” had come from. The “widow’s cruise of oil” 
would not be in it. And so, Count Rumford was surprised 
as you would have been surprised. 

On a view which recognizes the true relationship between 
heat and work, we no longer see heat as a thing which is 
indestructible; neither do we see “visible energy” (kinetic 
or potential energy produced as the result of work done) 
as indestructible. What we do see is an indestructibility of 
the sum of the two. Visible energy may disappear, but a 
corresponding amount of heat appears in its place. Heat 
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may disappear, but a corresponding amount of visible en- 
ergy appears as a result. If we recognize heat itself as a 
form of energy, there is no need ever to speak of energy as 
disappearing. All that happens is a transference of energy 
from the observable form to the less immediately observa- 
ble form, heat, or vice versa. 

The Second Law of Thermodynamics. Were it not for the 
conversion of visible energy into heat, we should be “in 
clover” as regards many things. We could take our street 
car, filled with passengers, to the top of the highest hill in 
town once, and the cost of taking it up there would repre- 
sent our total power bill to be expended on it for all time. 
We could let the car run down hill by its own weight. When 
it came to the bottom, it would have kinetic energy which 
would serve to carry it up the next hill, and so on forever. 
If we wished to make provision for passengers’ getting ofi 
at the bottom of the hill without jumping off at high speed, 
we could bring the car to rest not by brakes of the ordinary 
kind, but by causing the car to run an electric dynamo with 
its available kinetic energy, and using this d3mamo to charge 
a battery. When the passenger had departed, we could 
use the battery to run a motor which would then take the 
car up the hill, and give back to it in fact as much energy as 
had been absorbed from it to charge the battery. For a 
complete adjustment of affairs, we ought to take account of 
the fact that a passenger may get off the car at a different 
altitude from that at which he got on. We can make him 
provide himself with a battery ; and if he gets off at a higher 
level than that at which he got on, we can make him deliver 
up from his battery to our dynamo enough energy to ac- 
count for his gain of potential energy at departure. If he 
gets off at a level lower than that at which he got on, we can 
put some charge into his battery in corresponding amount. 
He will not lose or gain anything in the long run ; for, 
whenever he returns to his original level, he will find his 
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battery charged to its original amount. You will readily 
see how, in an ideal situation of this kind, things would go 
on forever without any expenditure of energy other than 
that involved in taking the car to the top of the highest hill 
in the first instance. But alas ! there is friction, and there 
is generation of heat in the electrical apparatus and in the 
machinery. 

But then, another thought occurs to me: May I not 
collect all the heat which has been generated by friction 
and by the electric currents, convert it back into work in 
some way, and use this work in drhdng the car once 
more to the top of the highest hill? The idea is perfectly 
consistent with the conservation of energy. Enough heat 
has been generated for the purpose. Moreover, we know, 
as a practical fact, that we can get work out of heat. The 
whole function of a steam engine is to convert heat into 
work. Can I not get around friction and the like, and 
realize once more the continual operation of the car wfithout 
continual expenditure ? Can I not realize a condition where 
all the energy which is apparently lost in heat is converted 
back by some ingenious device into available energy and 
made to perfonn once more its function of running the car? 
Transportation from one place to another would then simply 
involve the means of interchanging the energy from one 
form to another. 

Unfortunately, quite apart from the difficulty involved in 
collecting the heat at different stages of the performance, we 
find that nature has conspired against our doing any such 
thing as the foregoing. It seems that nature does not wish 
to make things too easy for us. She thinks that work is 
good for us. But I feel disgruntled with nature and want 
to know why I cannot do this thing. I am not seeking to 
violate her great law, the law of conservation of energy. I 
am not like the perpetual motion crank, trying to get power 
for nothing. And nature answers back and says, “ The con- 
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servation of energy is not the only restriction I place upon 
you. You are right in saying that when you transform 
energy from one form to another you do not expect to get 
more of the new form than you lose of the old, but that does 
not mean that I shall permit you to carry out all of the dif- 
ferent types of transformation you can think of, even though 
they aU conform to this principle. There shall be a whole 
category of operations which are forbidden to you. You 
cannot do whatever you like, simply because you keep your 
bank book balanced.” “But,” I complain, “how am I to 
know which of my ideas is forbidden?” And nature says, 
“If you could see all the detailed actions which are taking 
place in my realm, you would see for yourself which things 
are forbidden. There would, in fact, be no need for for- 
bidding. These things could just not happen. To attempt 
to see the matter in this way would be too complicated. If I 
were to attempt to tell you all of the individual things which 
would fail if you tried them, the tale would be too long, and 
you would not see much connection between its parts. 
However, I find that by making one decree, I can settle the 
matter for you. There is just one thing which I tell you 
you can never do. I know that I need say no more, for I 
know that, without violating that decree, you would never 
be able to do any of the thousand-and-one things you want 
to do, and I don’t want you to do.” That one decree is the 
Second Law of Thermodynamics. It places a restriction 
upon the ways in which work can be obtained from heat. 
It looks as though the second law of thermodynamics was 
invented in the Garden of Eden, when the Deity said to 
Adam, “ In the sweat of thy face shalt thou eat bread.” The 
example which I have already given — the impossible proc- 
ess of collecting all the heat generated by friction, etc., 
and converting it back to work — is a rather complicated 
illustration of a process which could be seen to be im- 
possible by means of the second law of thermodynamics. 
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and I only cited it on account of the spectacularness of its 
nature. 

It is not easy to state in non-technical terms just what 
the second law of thermodynamics is, but I shall try to 
illustrate the essentials. I must first make a digression 
for the purpose of calling attention to the distinction between 
temperature and heat which, usually, is rather confused in 
the lay mind. Your primitive idea of temperature will 
serve all the purposes we need for that concept. We know 
that ice when melting is always equally cold, and water 
when boiling under normal barometric pressure is always 
equally hot. If I raise a ton of water from the temperature 
of melting ice to that of boiling water, I increase its “hot- 
ness,” its temperature, no more than I increase the temper- 
ature of a pound of water in the same procedure ; but, I 
obviously must give much more heat to the ton of water 
than to the pound, just as if I raise a hundred beings from 
poverty to wealth, I have to expend much more money than 
I would expend in raising one being from the corresponding 
state of poverty to the corresponding state of wealth. 

Now, suppose we have a number of bodies at all sorts of 
different temperatures. I can devise a scheme for taking 
heat from any one of them and converting it into work. 
Thus, suppose, for example, I take a cylinder of gas enclosed 
by a piston with a loo-pound weight on it. I can put this 
cylinder in thermal contact with one of the bodies and reduce 
the loo-pound weight. The gas will now push the piston 
back, and in so doing it will do work by raising the weight, 
and as a matter of fact by pushing the atmosphere back. 
The gas will be found to cool in consequence, and the body 
with which it is in contact will cool. Some of the heat of 
that body has been absorbed and used for doing the work 
which has been done in raising the weight and pressing the 
atmosphere back. I can carry out this experiment with 
anyone of the b.ddiiesof various temperatures which I referred 
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to at the start. From any one of them, I can take heat and 
convert it into work. Again, I can heat any one of those 
bodies by myself doing work. I can put my cylinder in 
contact with any one of those bodies, and I can press the 
piston down. The gas will become compressed, and will 
get warm, as anyone who has operated a bicycle pump well 
knows. The work I have done in compressing the gas has 
been used in part, at any rate, in warming the gas, the other 
part appearing merely as potential energy in the compressed 
gas. The warmed gas warms the body with which the 
cylinder is in contact, and so I have succeeded in warming 
the body in question by the performance of work. The 
cylinder with its piston is a sort of heat pump. We can 
imagine ourselves carrying this heat pump about and oper- 
ating it in connection with the various bodies in such a way 
as to make the cold bodies colder and the hot bodies hotter. 
You might even hope that you could arrange matters so 
that you could take more heat from the cold bodies than 
you gave to the hot bodies, and so you may, but you would 
find that the state of compression of the piston was different 
at the end of such a set of operations from what it was at the 
beginning. If you carry out the operations m such a way 
that you transfer more heat from the hot bodies to the cold 
ones than you transfer from the cold ones to the hot ones, 
you will find that it is possible to arrange matters so that the 
cylinder — the heat pump — ends up in the same condition 
of compression at the completion of the operation as it was 
in at the beginning. Whether you take more heat from the 
hot bodies than you give to the cold ones, or take more heat 
from the cold ones than you give to the hot ones, you will 
succeed in converting heat into work as a result. However, 
while you could perform the former operation and have 
your intermediary apparatus — the cylinder — in the same 
condition at the end as at the beginning, you would find 
that in the case of the latter operation, the cylinder would 
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I , not be in the same condition at the end as at the beginning, 

i Thus, when your operations are such that, as a net result, 

; you transfer heat from the hot bodies to the cold ones, it is 

possible to end up with the cylinder in the same condition 
as at the start, and you are ready to repeat the process 
indefinitely ; or, at any rate, until the hot bodies and the 
i cold bodies have been brought to the same temperature. In 

i cases where, as a net result, you transfer heat from the cold 

I bodies to the hot ones, you will find that the cylinder 

1 is not in the same condition of compression at the end 

i of the operation as at the beginning ; and, as a matter of 

' fact, you will find it in a condition less favorable for re- 

! peating the operation than it was in at the start. Were 

( this not the case, we should be in a wonderful condition, we 

j could set up a process where we could get work by going 

J on cooling the cold bodies and heating the hot bodies, until 

I we had cooled all the cold bodies to the absolute zero of 

t temperature. We could treat all bodies as the cold bodies 

i save one, and go on cooling those bodies and abstracting 

I their heat for the purpose of doing work. 

I Now, the secofid law of thermodynamics amounts to an 

* , assertion in general terms of the principle which we have 

! illustrated by the above simple example. It maintains that 

I it is impossible to invent a self-acting inanimate process by 

♦ which work shall be continually obtained by a process which 

i takes more heat from the coldest body in the surroimdings 

_ than it gives to the other bodies, and in which the parts 

I figuring in the process are in the same condition at the end 

> as at the beginning, in the sense that they can be used over 

!■ and over again to perpetuate the process. The word “m- 

I animate” is introduced for a subsidiary reason which will 

I become clear at a later stage. 

I Speaking in crude language, we may say that nature likes 

[ to equalize temperatures. Everybody knows that nature 

i likes to equalize the temperatures when two bodies of differ- 


Certain General Principles in Physics 199 


ent temperature are placed in contact. We should be very 
surprised if, under such conditions, the hot body became 
hotter and the cold one colder. But the spirit of the second 
law of thermodynamics is to the effect that, even in the 
more subtle processes where heat is transferred between 
bodies through the medium of work, nature likes to equalize 
temperatures as a result. Nature is like human beings. 
Human beings will permit sections of society to exist in 
different states of prosperity, but whenever she gets a chance 
in the form of a revolution things so arrange themselves 
that the revolution reduces the disparity. And so, nature 
will allow things to exist at different temperatures, provided 
that we take precautions to guard them from loss of heat by 
such processes as conduction; but, if we give nature a 
chance by starting anything, she will take advantage of it 
for the purpose of making the temperatures of the various 
things more nearly equal than they were before. The 
second law of thermodynamics is the most politically radical 
doctrme in the universe. 

The necessity of the truth of the second law of thermody- 
namics is not obvious. When we examine the mechanisms 
of certain simple processes, we can see from the very mechan- 
isms themselves that they do not take place in such a manner 
as to violate the second law of thermodynamics. Thus, for 
example, if we examined in detail the story of everything 
which happened in the use of the h)q)othetical cylinder of 
gas imagined above, for the purposes of the transference 
of heat, our knowledge of the ways in which gases behave 
would show us immediately that we could not, by the use 
of such an appliance, make things go contrary to the second 
law of thermodynamics. If the gas were replaced by some- 
thing else, a piece of elastic, for example, the conclusion 
would not be so obvious unless we were familiar with the 
way in which the properties of the elastic changed with 
temperature. It would be possible to imagine what ap- 
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peared a quite reasonable relation between the properties 
of the elastic and its temperature which, if it were true, 
would enable us to obtain work by continually transferring 
heat from a cold body to a warmer one, m opposition to the 
principle of the second law of thermodynamics. In this 
case, the second law denies the possibility of our assigning 
such properties to the elastic, and when we make an investi- 
gation of the matter, we always find that experiment bears 
out the predictions which the second law of thermod>mamics 
makes. 

For the case where we know the complete mechanism in 
all its parts, the second law of thermodynamics does not add 
any further information ; but, when we do not know all 
about the process, the second law can tell us something. 
Thus, we know that water expands when it freezes ; and, 
knowing this, we can deduce from the second law of thermo- 
dymanics that the melting temperature of ice must be 
lowered by subjecting the ice to a pressure. This result is, 
of course, well known as an experimental fact. When we 
squeeze a piece of ice, it melts, because its temperature, 
which was low enough to keep it frozen before the pressure 
was applied, is no longer low enough after the application 
of the pressure. However, apart from our experimental 
knowledge of the fact itself, it is by no means an obvious 
thing that the melting temperature of ice should be lowered 
by pressure. The opposite is true for wax. Without delv- 
ing into the realms of atomic structure, we know far too little 
to see ‘‘just why” the melting point of the ice is lowered. 
The second law of thermodynamics relieves us of the neces- 
sity of knowing all about the process. It tells us the answer 
without our going through the complication of seeing “ just 
why.” It may appear a very trivial piece of information 
that the second law has given us in this case. Yet, if the 
melting temperature of ice had been raised by pressure; or, 
even if it had been lowered, but by an amount diSerent 
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from that predicted by the requirements of the second law 
of thermodynamics, I could take all the heat out of every- 
thing around and make myself a millionaire. It would 
then be possible, in principle at any rate, to construct a 
machine which would continually perform work by simply 
cooling everything that there was to cool. We could drink 
the heat out of our poor old earth, out of the sea, and every- 
where, and could go on running our trains and street cars 
with the energy thus made available. Just as now we use 
the earth’s coal, so, under these conditions, we could use its 
heat. I do not refer to the use we could make of its internal 
heat, owing to the fact that the inside is hotter than the 
outside. We could use that part quite in harmony with the 
second law of thermodynamics, the only difficulty being in 
getting at it. I refer to the heat which, under the postu- 
lated conditions, we could obtain from the earth even though 
all of it were at the temperature of its exterior. We could 
obtain a good deal of power in this way. We could obtain 
about ten thousand million horse power for ten thousand 
million years. But, while the second law does not tell us 
the details of all nature’s workings, she tells us that we 
cannot do any such thing as this. Only by equalizing the 
temperature differences around us can we devise practical 
schemes for converting heat to work. As long as we have 
bodies at different temperatures, we can convert heat to work. 
If we have only a few hot bodies, we shall soon exhaust our 
possibilities in this respect, because the hot bodies will be- 
come cooled and the cold bodies warmed by the operation of 
the very processes we use for converting the heat into work ; 
and, when all differences of temperature have been wiped 
out, our possibilities come to an end. 

The second law of thermodynamics rests upon the fact 
that all the consequences which it has predicted have been 
found to be true experimentally. It is like a race-horse 
tipster. It lives on the truth of its former predictions. It 
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will only continue to live so long as its predictions continue 
to be in harmony with the facts ; but, it has made such a 
lot of true predictions in the past that we have become ac- 
customed to trust whatever it predicts when it predicts new 
consequences. 

In its early history, the second law of thermod5mamics 
was particularly intriguing, because we could not see just 
what caused it to hold. It was a sort of cry from the un- 
known riddles of the most intimate structure of matter; 
and, we felt a great desire to deduce, if possible, from the 
nature of the cry, what it was that was crying. In the proc- 
ess of pondering upon these matters, we came to realize 
that the second law of thermodynamics was the equivalent 
of another law. It was an alternative way of stating that 
other law ; but, the natural way of stating that other law 
put it in a light in which its true significance could be grasped 
much more readily than could the significance of the earlier 
forms of statement. We can only give here the very brief- 
est sketch of some of the ideas involved in this alternative 
expression of the second law; but, something must be said 
about them since the ideas involved play such an important 
role in some of the most powerful applications which will 
fall within the field of our interests. 

Entropy. There are in nature certain processes which 
are “reversible” in the sense that we can accurately reverse 
each stage of the process. Thus, suppose I have a gas in- 
closed in a cylinder. To fix our ideas, let us suppose that 
the cylinder is impervious to heat, so that no heat can enter 
from the outside or leave therefrom. This is not an essential 
condition, but it will serve to make our mental picture more 
complete. I can press upon the piston and diminish the 
volume of the gas. Provided that I do not carry out the 
compression too rapidly, so that the gas swirls about in an 
irregular manner, there will be a defiinite temperature, vol- 
ume, and pressure of the gas during each stage of the com- 



Certain General Principles in Physics 203 

pression. Having compressed the gas, I can gradually 
release the pressure again to its former value, and the gas 
will return to its original pressure, volume, and tempera- 
ture, passing on the way through each set of values of 
pressure volume and temperature which it passed through 
during the compression. The process is said to be reversible. 
But consider another t5rpe of process. Let us imagine a box 
divided into two portions by a partition. Let there be gas 
in one half and no gas in the other half ; and for the purpose 
of making our picture definite let the whole box again be 
surrounded by a shield impervious to heat. Let us now 
make a small hole in the partition. The gas will rush 
through the hole from one side to the other, and will finally 
settle down to a steady state of temperature and pressure 
when the general turmoil incidental to its coming through 
the hole has subsided. Even though the initial tempera- 
tures and the initial and final volumes of gas in this latter 
experiment might be made the same as in an experiment 
where we allowed the expansion to take place slowly against 
a moving piston, we should find, in general, that the final 
temperature was different. The whole situation has been 
different. For one thing, the gas had no piston to press 
against in the expansion, and so has performed no work. 
The essential thing which I wish to point out in connection 
with the gas flowing through the hole is that it is impossi- 
ble to reverse the process in all its details. Leaving the 
walls of the box and the partition fixed, there is nothing 
which we can do in the final state of the gas which will cause 
all the molecules of the gas to rush back through the hole 
and allow us to close it up and realize the condition from 
which we started. The process is said to be an irreversi- 
ble one. It would be possible, by a reversible process, to 
pass from the original state of pressure volume and tem- 
perature of the gas to the final state of pressure volume and 
temperature attained in the irreversible process; but, we 
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should find that we should have to supply heat to the gas 
in the reversible process to accomplish the end desired. 
During the irreversible process, complicated and mysterious 
things happened during the rush of the gas through the hole. 
While the turmoil was going on, the gas had no definite 
temperature volume or pressure. It had just run wild ; but, 
by running wild it finally did get to a new definite state of 
temperature volume and pressure, a state which, as I have 
said, could have been attained in another manner by a re- 
versible process if we so desired, but only by the addition 
of heat. 

Now, the foregoing is only one example of an irreversible 
process. There are hosts of other examples. In fact, ir- 
reversible processes form a large part of the spontaneous 
activities of nature. When a hot body warms a cold body 
placed in contact with it, the process is irreversible. It is 
truly possible to invent a reversible process by which we 
can take heat from a cold body and give it to a hot one. We 
gave illustrations of this in connection with our preliminary 
discussion introducing the second law of thermodynamics. 
However, we cannot simply put a cold body in contact with 
a hot one and persuade the heat to flow the “wrong way.” 
Now in discussing these matters in relation to the second law 
of thermodynamics, it turned out that there was a very 
important quantity called the “entropy” of the system we 
happened to be talking about, in terms of which the discus- 
sions went along particularly smoothly. I fear that in order 
to give you some concept of the significance and use of this 
very important concept, I must make a digression. 

In the realm of human affairs, for the purpose of discussing 
the things which interest us, we have introduced certain 
concepts which it would be rather difficult to define specifi- 
cally. Thus, we speak of the “credit” of a nation. We 
say that if a nation fails to pay its debts its credit is reduced. 
If it goes off the gold standard, its credit is reduced, or in- 
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creased as the case may be, and so forth. Now suppose I 
wished to be a little more specific about the matter. Sup- 
pose I wished to know what was meant by saying that the 
credit of a country had been halved. Suppose I wished to 
be able to make such a statement as one to the effect that 
the credit of a nation was formerly three units but, on ac- 
count of certain happenings it had become increased to five. 
It is obvious that, in our present proverty of specificness 
concerning the meaning of the word credit, such statements 
would be meaningless ; and, in order to give them meaning 
it would be necessary to invent some method of measuring 
credit. As the matter stands at present, we can only talk 
in a vague way. We can talk qualitatively, but not quanti- 
tatively. All science wms in such a state before mankind 
invented methods of measurement. Now I surmise that 
if we did invent a definition of credit which would have 
numerical significance and which would also reflect in more 
exact form all of the vague ideas contained in the word as 
we use it, that definition woifld be rather a complicated 
affair. We could not measure credit with a foot rule, or 
with a pair of scales, or with a clock. The definition would 
sound something like this : The credit of a nation is equal 
to the number of loans made in the fifty years immediately 
preceding the present time, multiplied by the average 
value of the loan, and divided by the number of defaults in 
payment. I do not wish to imply that the above would be 
a suitable definition of credit. I wish only to illustrate the 
kind of complexity involved m making any kind of a defini- 
tion. As a matter of fact the actual definition to be of value 
would probably have to be much more complicated than the 
above. We might have to involve m it the munber of labor 
strikes per year, and a number of other things. It would 
be our business to build up for “credit” some kind of a 
quantity to which we could attach numerical significance, 
a quantity which would crystallize in definite form the vague 



206 The Architecture of the Universe 


qualitative ideas which were in our minds regarding the 
quantity at the outset. When we had reduced credit to 
measurement on the basis of some suitably chosen definition 
the way would be opened for its use in a more powerful 
manner than before. Our expression of the facts of eco- 
nomics in which the term credit was involved would have a 
richer meaning. We might be able to use it in expressing 
some of the laws of economics in a more definite way. Thus, 
it might turn out that the average wealth accumulated per 
person as a result of lending N dollars to a nation at P per 
cent for T years was NPICP/ioo, where C is the credit, and 
O is, of course, the credit multiplied itself. I do not wish 
to suggest that any such law would hold, but merely to illus- 
trate how it might come about that a suitable definition of 
“credit” might provide that concept with a valuable sig- 
nificance in the expression of economic laws. Nobody could 
prevent our defining credit in any way we chose. Only if 
we defined it with an eye to the way things happen in our 
economic system, however, could we expect that it would 
figure in a simple manner in the expression of the laws of 
economics. Now, it is not my business to suggest ways of 
measuring credit or ways of deducing economic laws in- 
volvmg it. I wish merely to point out that if such a defini- 
tion were made, the so defined “credit” would not appear 
as tangible a thing to our instincts as mass seems to be or 
even as heat may seem to be. Its value would consist in its 
providing a quantity to talk about, such that by talking 
about it we could simplify what we wanted to say about 
economic matters in general, and express ourselves in exact 
language. 

Now physics has encountered many concepts such as 
“credit” for which it has been worth while to invent exact 
definitions because the concepts when so defined play an 
important role in expressing those regularities of nature 
called laws of nature. One of these quantities is “ Entropy.” 
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Thus, by talking about entropy it is possible to state in the 
most powerful and usable form the content of the second 
law of thermodynamics. By considering the kind of thing 
that would happen were we to attempt to define “credit,” 
I have prepared you to expect some apparent artificiality in 
definition of entropy. I fear that if I give a formal defini- 
tion, only the technically trained will imderstand it, and 
they will know it already. However, here it is, “ The change 
of entropy from one state of a system to another is the in- 
tegral of dH/T from the first state to the second, the inte- 
gral being taken along a reversible path, with dH represent- 
ing the element of heat added at the temperature T.” I 
will not ask you to try to understand the definition. I will 
only ask you to take for granted that entropy is a quantity 
which, in the meaning of the above definition, the physicist 
can calculate in terms of the state (pressure volume, and 
temperature, for example) of the system. The valuable 
thing is that by stating certain restrictions on the changes 
which the entropy of a system can experience when the system 
changes its condition (for example when it is compressed, or 
heated or suffers chemical changes, etc.), it is possible to 
deduce much concerning the behavior of the system which is 
necessary in order to avoid its clashing with the second law 
of thermodynamics. The second law tells us what the sys- 
tem must not do. The language of entropy throws this re- 
striction into the more convenient form which says what the 
system must do in order that it may avoid doing what it 
must not do. Perhaps the following analogy will be helpful. 

Let us suppose that we engage a number of salesmen who, 
while they are capable of acting individually, may also act 
as a group. It shall be the duty of the salesmen to go into 
the various countries and transact business. They may 
buy and sell commodities using money as a means of ex- 
change; and at any moment they shall have a stock of such 
conmaodities on hand. When the salesmen go into any 
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country', they shall assume the quality of dress appropriate 
to that country. The salesmen may not all be of the same 
rank and the cost of an individual’s clothes may depend 
upon his rank in relation to his colleagues m some prescribed 
way ; but when the salesmen go into some other country, it 
is to be supposed that they all get new clothes which while 
different for different ranks nevertheless have a new average 
value appropriate to the style of the new country which 
they have entered. The new^ clothes are to be obtained by 
exchange for the old ones, the difference in value being ac- 
counted for by corresponding money paid out or received 
by the salesmen according as the new clothes are more or 
less valuable than the old. The salesmen, acting collectively 
may make a sale in the country in which they happen to be, 
which transaction involves no modification of clothes; or 
they may go into another country to make a sale, in which 
case, the cost involved in the modification of the clothes 
plays a part in the transaction. However, w^e wash to in- 
voke the idea that whenever the salesmen, acting collec- 
tively, make a sale or buy goods, the transaction is accom- 
panied by a donation of goods either given or received, as 
the case ma3abe, by the salesmen. We wish to place some 
restriction upon the salesmen as regards these donations.* 
Suppose the salesmen submit to me for my approval a plan 
according to which, m any particular transaction they pro- 
pose to make, their donation given or received, depends 
upon the amount of goods involved in the transaction, and 
upon the average cost of their clothes in the country in which 

* I would here add a word for the techuicaliy trained reader. The money paid 
or received is to be analogous to heat given out or taken in. In order to avoid any 
such undesirable implication as ^‘conservation of heat/^ we may suppose that when 
money is received by the salesmen, they send it to me, and that in return I supply 
them with the equivalent in goods. When money is required by the salesmen, 
they get it from me by the return of the equivalent in goods. The “donation” in 
the text is to represent external work. In the physical problem the performance 
of work is the equivalent of a departure or receipt of energy taking place in a pre- 
scribed way different from that involved in the departure or receipt of heat. The 
average cost of the clothes of the salesmen is to be the counterpart of temperature 
in our analogy. 



Certain General Principles in Physics 209 


the transaction is consummated.* Let me adopt the follow- 
ing criterion for passing upon the proposal. Let me consider 
any two sets of transactions in which the salesmen start in 
a country a, with a certain amount of goods g, and end up 
in a country A with another amount of goods G. I shall 
not suppose that the salesmen necessarily visit the same 
countries in each set of transactions ; and, the individual 
transactions may be quite different in the two cases, subject 
only to the restriction that, in both cases the salesmen start 
in the country a with the amount of goods g and end up in 
the country A with the goods G. Let me consider each in- 
dividual transaction, and ascertain in terms of the plan 
which the salesmen have proposed how much money they 
would receive or pay out in that transaction. Let me divide 
this amount of money by the average cost of the clothes in 
the country m which the transaction is made, calling the 
quantities positive if money is received and negative if it 
is paid out. Let me now add up all the quantities so ob- 
tained for each of the sets of transaction, starting in a and 
ending in yl. I shall require that the plan which the sales- 
men have proposed shall result in the sums being the same 
for each of these two sets of transactions ; and moreover 
that it shall result in an equal sum for any set of transactions 
which start in a with an amount of goods g and end in A 
with an amormt of goods G. It is such a restriction as this 
that the second law of thermodynamics places upon the 
“ transactions” which occur in nature. The physicist will 
realize that, in the above analogy, the money paid out or 
received represents heat given out or received. The goods 
carried by the salesmen represent the internal energy of the 
system. The donations of goods represent the external 

* Bearing in mind that goods on hand are to be the counterpart of internal 
energy, the physicist will realize that I am here going as near as is possible in an 
analogy, to supposing that the salesmen do the equivalent of proposing a “ charac- 
teristic equation’’ for the system, to be tested as regards its conformity to tire law 
which is to be the analogy of the second law of thermodynamics. 
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work done by the system on its surroundings. The average 
cost of the clothes during any transaction corresponds to 
the temperature of the system. The variation of status 
among the individual salesmen is analogous to the variation 
of the energy in the individual molecules of a gas whose 
average molecular energy determines its temperature. The 
quantity obtained by dividing the money received in a trans- 
action by the average cost of the clothes and then adding 
up ail the quantities so obtained for the journey from a to A 
is the analogue of the change of the “entropy” of a system 
between two states. This mysterious quantity is some- 
thing which is entirely characterized by the two states con- 
sidered and is independent of what went on in the journey 
from one to the other. Taking one state as the fundamental 
starting point for aU “sales journeys,” we may say that this 
mysterious quantity which is the analogue of entropy is 
something which at every stage of the salesmen’s journey is 
characteristic of their actual state in goods and quality of 
dress at that stage. 

So far, we have discussed only the case where the salesmen 
act as a group, with careful attention to the adjustment of 
the cost of their clothes to conform to the country in which 
they happen to be when making a transaction. Suppose 
now we consider the possibility of their acting more or less 
independently, and with no special attention to this feature 
of the clothes. What restrictions shall we now place upon 
their activities? The most important case in its analogy 
to the physical problem is the following : The salesmen 
start in a country a with an amount of goods g and with 
conventional clothes appropriate to the country. They 
end up in country A with an amoxmt of goods G also in con- 
ventional clothes appropriate to A; but, in the intermediate 
journeys and transactions they act unconventionally and 
independently subject only to the restriction that in the 
series of transactions taken as a whole, no money is received 
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or spent, although goods may change in amount, and dona- 
tion of goods may be made or received. What restrictions 
shall we impose upon the salesmen? Our restriction shall 
now take the form that the operations of the salesmen must 
never be such as to take them from the state designated 
by country a with goods g, to a state designated by country 
A and goods G, if the transaction which would lead from the 
first state to the second by conventional means would give a 
negative value for that mysterious sum which we said was 
the analogy of change of entropy. The salesmen may be 
as unconventional as they like so long as they pay that one 
little bit of respect to the conventional guardian of affairs, 
that mysterious sum which is the analogue of entropy change. 

Now, it so turns out that in the physical world, those 
transactions which are the analogues of the unconventional 
transactions cited above are of the class which we have 
called irreversible. It is as though in our analogy of the 
salesmen, those individuals could never remember what 
they had done imless they acted as a group, so that they 
could never undo transactions which were of the imconven- 
tional form. In the thermod3mamic sense it is the “irre- 
versibility” which really characterizes what we have termed 
“unconventionality” in our analogy; and so we have, as 
a consequence of the second law as applied to physics the 
very important conclusion that in all irreversible processes 
in which the system is left to its own devices in that it is not 
allowed to part with or receive heat, the entropy always 
increases ; or, at worst, it can but fail to change. It never 
decreases in such processes. Thus consider the example 
cited earlier, in which, by making a hole in a partition divid- 
ing a chamber into two parts, we allowed gas to flow so as 
to fill the whole vessel. If we work out the entropy for the 
gas in its initial and final states, we shall find that the pas- 
sage of the gas through the hole so as to fill the complete 
space increases the entropy. When a hot body warms a 
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colder one by conduction of heat, the entropy of the system 
as a whole is increased. 

Having read all this, you will probably say : “Yes, but 
what is entrop)^?” I can only reply that, in the sense in 
which you ask the question, I don’t know — at least I don’t 
know until the next section of this chapter. For the mo- 
ment, I want to suppress the next section and say that I 
glory in the fact that I don’t know what entropy is. I 
don’t need to know what it is. All I need to know is how 
to calculate it in temis of the properties of the system I am 
dealing with. For the moment, I am no more interested in 
knowing what “entropy” is — if, indeed, it is anything 
other than what it is defined to be — than I am interested 
in knowing who the grandfather of my lawyer is, so long as 
the lawyer is a good one. As a matter of fact, a good many 
of the quantities w'e talk about in physics are, in the last 
analysis, as mysterious as entropy, except that long and fre- 
quent familiarity with them has given many of us the idea 
that W'e are personally acquainted with them and really know 
what they are. “Familiarity breeds contempt,” in physics 
as in other things. Every high-school boy knows that the 
energy wiiich a body possesses in virtue of its velocity 
— its kinetic energy, in other wmrds — is obtained by mul- 
tiplying the square of its velocit}’ by half its mass. But why 
is this quantity singled out in preference to the square root 
of the velocity multiplied by three times the mass ? Again, 
why is it that W'e talk about “momentum” defined as the 
product of the mass and the velocity of a body rather than 
about a quantity defined as the square of the mass multi- 
plied by the cube of the velocity? Well, w’e cotild talk in 
terms of these other quantities if w'e wished ; but, our science 
would then become hopelessly complicated. Once again, I 
remark that the reason that the laws of nature are as simple 
as they are, is that mankind, being unconsciously wise, has 
chosen to give names to those quantities w'hich nature re- 
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lates by simple properties. Whether we can visualize them 
or not is a more or less irrelevant matter. In spite of all 
this, you will probably say that while you are willing to 
admit the value of entropy as an abstract concept, you wish 
you knew what it really was. In the next section of this 
chapter, we shall try to trace its significance from another 
viewpoint. For the moment, however, I wish to dwell upon 
another peculiar matter concerned with irreversible proc- 
esses. 

Returning to the case of the vessel divided into two por- 
tions by a partition with gas on one side and nothing on the 
other, we traced in our mind’s eye the picture of what fol- 
lowed the making of the hole in the partition. We saw 
the gas streaming through the hole until all was quiet and 
there was equality of pressure on the two sides of the parti- 
tion. I pointed out that there was no way in which we 
could cause the gas to reverse its activities in such a sense 
as to cause each molecule to go back ■where it came from, 
leaving a final state with gas only on one side of the parti- 
tion. You probably thought that it was unnecessary for 
me to point that out, and that nobody in his senses would 
ever suppose that the gas could be persuaded to do such a 
ridiculous thing. i\nd yet, I am surprised. One of the 
differences between the physicist and the layman is that the 
la3nman is confused and surprised when the physicist is 
happy and contented with a situation, while the physicist is 
surprised and worried when the layman sees no earthly 
reason why he should be worried at all. And so, I am sur- 
prised that the molecules should have such an aversion to 
going back to the half of the box from which they originally 
came, like squirrels returning to their sleeping quarters. 
And why am I surprised? I am surprised on account of 
what a very well-known dynamical theorem has to say about 
the matter. That theorem tells us that if we have a lot 
of bodies acting on each other with ordinary dynamical 
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forces, and if at any instant we reverse all of the veloci- 
ties of all the bodies, they will all retrace their previous 
history backwards like a movie film run the wrong way 
through a projecting lantern. If, at some instant, I could 
reverse the velocities of all the molecules wkich had come 
through the hole in the box referred to above, then, if the 
molecules obeyed the ordinary elementary laws of dynamics 
with regard to their reactions to the forces between them, 
they would all go helter-skelter back where they had come 
from. Perhaps helter-skelter is a bad term, because the 
molecules would all retrace exactly their former courses. 
Every bump between two molecules would re-occur in 
exactly the reversed sense. When aU the molecules had re- 
turned to one side of the partition, I might have to be very 
quick in closing up the hole to prevent their coming out 
again ; but, if I did close it in tune, I should have a case of 
a system which, left to itself (after reversal of velocities), 
spontaneously and wdthout the addition or subtraction of 
heat had decreased its entropy. I cannot expect you to 
“see” that this is so. It must sufiice to assure you that 
the result can readily be proved. 

Now, of course, I am not surprised that nobody has found 
a way to catch all the molecules and reverse their motions ; 
but, what surprises me is that none of these “backward 
processes” of the foregoing kind take place of their own 
accord in nature. There is nothing against them from a 
mere dynamical standpoint, but they simply don’t occur. 
Of all the various things which could take place spontane- 
ously in nature so far as mere dynamics is concerned, only 
certain ones occur, viz., those which increase the entropy. 
A system acting to increase its entropy has been likened to 
a clock which is always trying to run down. It wiU never 
wind itself up again. 

Now, so far, I have urged upon you a lordly indifference 
to the meaning of entropy ; but, in the next section, we shall 
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endeavor to take a closer look at the kind of thing that ac- 
tually happens in relation to the so-called changes of en- 
tropy ; and, in our stride, we shall see the significance which 
modern thought attaches to the dislike of matter to increase, 
spontaneously, its entropy. 

Statistics and Thermodynamics. When the laboratory 
man wants to understand some abstract phenomena such as 
atomic structure, he usually tries to construct a model 
which will exhibit the phenomena in question. Then he 
can think of nature as working as the model works. When 
the mathematician tries to understand a set of phenomena 
which are related in ways not self-evident, he makes a kind 
of mathematical model. He tries to set up some scheme of 
mathematical juggling in which certain quantities appear 
as related to each other in the same kind of way that the 
quantities of his primary interest are related. Then, the 
mathematical connections between these phenomena in the 
mathematical picture serve as the scaffolding by which his 
mind "understands” the relationships between the experi- 
mental phenomena themselves. We shall adopt a sort of 
intermediate course. Our object is to see how thermody- 
namics has been given an interpretation in terms of the 
mathematics of statistics ; but, you will probably not thank 
me for attempting that alone. I shall show how this same 
mathematical interpretation can be regarded as the interpre- 
tation of something very familiar to us. We shall, in fact, 
try to understand the matter by setting up a crude analogy 
between human beings and certain of their activities on the 
one hand, and the behavior of atoms and molecules on the 
other hand. The mathematical structure, which, however, 
we shall not formulate in detail, will appear as the same 
background for both, so that we shall see, in a general way, 
how to understand the molecules by thinking of the human 
beings. 

Suppose I have a hotel with a certain number of rooms, 
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and a certain large number of people to house in the rooms. 
Let us imagine that the rooms are labeled i, 2, 3, etc. I 
could imagine myself putting all the people in room number 

1. There would be only one way of doing that. I might 
imagine myself putting half of the people in room i and the 
other half in 2. I could do this in a large number of -ways ; 
because, having done it in any one way, I could interchange 
two of the people in i and 2, and should still have half the 
people in each room, but they would be different people. 
The number of wnys in which I could, by making inter- 
changes of this kind, arrange for just half of the people to 
be in each of the two rooms is a very large number if the 
number of people is large. Even for the case of twenty 
people, it amounts to about two-hundred thousand. I 
might ask myself in how many ways I could put one-third 
of the guests in room i and two-thirds in room 2. That 
also is a very large number. However, in general, I might 
assign guests to all of the rooms, and I might ask myself in 
how many wnys I could distribute them so that there were, 
say, ji tic in room i, three in room 2, seven in room 3, and so 
on, it being supposed that I provide for all of the guests in 
one Tvay or another. The number of w-ays that I shall find 
is very large. Let us call it N *. Now, havmg done this, 
I might start out with another way of making the assign- 
ment of the guests. I might put two in room i, five in room 

2, eight in room 3, and so on. If you inquire in how many 
ways I can do this, I shall find another large number, say 
N **. Novr, here is a question in which I might interest 
myself. How shall I distribute the guests in the rooms so 
that the number of ways in which I can rearrange them and yet 
maintain the same number in each room shall he the greatest 
possible? In other words, if a is the number of guests in 
room I, b the number in room 2, c the number in room 3, 
and so on, how must I choose a, b, c, etc., so that the number 
of w'ays of housing the guests in that manner is the greatest 
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possible. The answer to this problem can he found very 
easily by the mathematician ; and, it tells us that we must 
put the same number of guests in each room. I shall not work 
out the mathematics of the problem. All that is necessary 
is that the reader shall see that the problem is a definite one, 
and he can take it for granted that the answer is as I have 
stated. And now, let me cite something very surprising. 
Suppose that I should distribute the guests in any other way 
which was observably different from that of equal distribu- 
tion. The number of ways of making the new distribution 
would again be enormously large if there were a large num- 
ber of guests, but it would be still enormously smaller than 
the number of ways in which the guests could be distributed 
equally among the rooms. Thus, if there were loo guests 
and lo rooms, the number of ways of distributing them 
equally in 5 of the rooms with none in the others would be 
a quantity without about 66 zeros in it. This is a very 
large number, but it is, nevertheless, very small compared 
with the former number corresponding to the case where the 
guests are equally distributed among the ten rooms. 

The foregoing problem has no direct bearing upon the 
main problem of interest for us, except in so far as it serves 
to set the stage of our thoughts ; and, to illustrate its sig- 
nificance a little further before going on, let us consider the 
foUowing well-known examples of its application: Suppose 
that in a box we have a mixture of two powders, one red and 
the other white. Let the white powder be at the bottom 
and the red at the top. Let us shake the box thoroughly 
and then look at it. We should be very much surprised if, 
after the shaking, the mixture were not uniform throughout 
the box. Perhaps we should not be surprised, because we 
should merely say that we had not shaken the box enough. 
Very well, let us shake it more, mitil the color is uniform 
throughout the box. Now, if we give it another shake and 
find, after it has settled down, that, say, all the white powder 
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is at the bottom and all the red at the top, I venture to say 
that we shall be very much surprised. And yet, why are we 
surprised ? The condition is a perfectly possible one for the 
powder. It was the condition with which we started. The 
key to the situation is to be found in the foregoing numerical 
illustration. We can imagine our box divided up into a 
large number of compartments corresponding to the rooms 
of the hotel. As the result of each shaking, the particles of 
the powders have an opportunity to fall into one or another 
of the distributions among these little compartments, which 
are possible to them. For each powder, however, there is 
such an enormously larger number of possibilities associated 
with equality of distribution among the compartments than 
there is associated with any other distribution that only by 
the rarest chance could we expect to find either of the pow- 
ders arranging itself, as a result of the shaking, in a manner 
appreciably different from that corresponding to equal dis- 
tribution of its particles throughout the compartments. 
Only once in an aeon could we expect such an inequality of 
distribution. As a result, we can say that, to all intents 
and purposes, it is certain that each powder will distribute 
its particles uniformly throughout the box, so that the pro- 
portion of particles of each kind will be the same everywhere 
in the box. In a similar manner we can see the solution of 
the paradox cited earlier, and concerned with the question 
why, in the case of a box divided into two halves by a par- 
tition with a hole in it we do not occasionally find all of the 
molecules on one side of the partition. Such an arrange- 
ment is possible, but highly improbable. Sir Arthur Edding- 
ton has cited the following illustration to show how 
improbable it would be. Suppose that a number of monkeys 
are provided with type-writers and are allowed to play upon 
the keys as suits their fancy, turning out pages and pages 
until they have finally typed as many letters as there are 
letters in all the books in the British Museum. Let us then 
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bind these writings of the monkeys into volumes. The 
chance that the letters will fall in the necessary^ order 
actually to reproduce word for word all the books in the 
British Museum is enormously greater than the chance that 
ia the room in which you are sitting for example, all of the 
molecules will be found at some instant in one half of the 
room. 

Let us now return to our hotel ; but, let us modify the 
problem to the extent of placing a price upon the rooms. We 
s hah imagine the rooms labeled i, 2, 3, etc., in increasmg 
order of price. The law of increase of price from one room 
to the next will play an important part in the analogy we 
are developing ; but, what I have to say in the next few lines 
will be independent of that law. Let us suppose that there 
is available a definite amount of money for housing the 
guests. Let us once more imagine how we must distribute 
the guests in the rooms of the hotel in such a way that the 
number of ways of realizing that distribution is the greatest 
possible, subject now, however, to the restriction^ that we 
spend all the money and no more. A lot of distributions pos- 
sible in the former problem are now to be excluded, because 
they would cost either too much, or too little. We must 
confine ourselves to those which cost just the right amount of 
money and seek, out of these, the distribution which can be 
realized in the largest number of ways. It will be seen that 
the problem is a definite one, although, of course, it involves 
some mathematical work in its development. When it is 
worked out, we find that the distribution is one in which 
there are very few guests in the very low-priced rooms, and 
very few in the very high-priced rooms. As we go along the 
rooms in increasmg price, we find more and more guests per 
room, until we reach a price for which there are more guests 
per room than for any other price. The exact way in which 
the number of guests varies from room to room, and the 
exact price which corresponds to the most “popular pnce 


220 The Architecture of the Universe 


will depend upon the law according to which the price varies 
from room to room. If we make the price of a room pro- 
portional to the square of the cube root of the number which 
designates the room, we have in our hotel and its guests a 
complete analogy with a monatomic gas, i.e., a gas like 
helium, whose molecules consist of single atoms. To 
explain this analogy, I must make a slight digression. 

Let us think of the molecules in a cubic centimeter of 
helium, because helium is a simple gas, having only one atom 
in each molecule. They -will possess all sorts of different 
velocities and directions of motion. Let us try to msualize 
all these velocities and directions in the following way; 
From some point 0 in space, draw an arrow W’^hose direction 
is parallel to the direction of motion of one of the molecules 
at the instant considered, and whose length is equal to the 
velocity of that molecule when measured in some convenient 
unit. A convenient unit, for example, might be a velocity 
of a kilometer per second, which we might represent in our 
figure by a line a centimeter long. Let us do this for every 
molecule in the cubic centimeter of gas. Then, radiating 
out from 0, we shall have an enormous number of arrows, 
ending in all sorts of different places. Let us now draw 
about 0 a large number of spheres, differing in volume by 
equal amounts. Each adjacent pair of these spheres will 
enclose a shell, and all the shells will have the same volume. 
This picture, if we could draw it, would really tell the whole 
story of the gas in the cubic centimeter at the instant con- 
sidered. The number of molecules whose representative 
arrows ended within any shell would represent the number of 
molecules whose velocities lay between the limits prescribed 
by the boundaries of that shell. Now, let the successive 
shells correspond to the successive rooms in the hotel. Let 
the ends of the arrows correspond to the guests. The prob- 
lem of finding the distribution of the ends of these arrows 
in the shells is exactly the problem of finding the distribution 
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of the guests in the room of the hotel. The price of a room 
is analogous to the kinetic energy which is possessed by a 
molecule whose representative arrow ends in the correspond- 
ing shell. If we work out the kinetic energy of a molecule 
in terms of the number which designates the shell — count- 
ing outwards — in which its representative point lies, we 
shall find that it is proportional to the square of the cube 
root of that number. Hence, if we make the prices of our 
hotel rooms proportional to the square of the cube root of 
the numbers which designate the rooms, our analogy be- 
comes complete and exact. The problem of making an 
assignment of the guests to the rooms subject to the total 
charge for all being fixed is exactly analogous to the problem 
of assigning the molecules (or rather, their representative 
points) to the various shells, subject to the total energy of 
all the molecules associated with any assignment being just 
equal to the total energy available. The problem of pick- 
ing out from aU these possible modes of assignment the one 
which can be realized in the largest munber of ways is exactly 
analogous to seeking the distribution of the molecules in the 
shells which can be realized in the maximum number of ways. 
In other words, it is exactly analogous to determining that 
distribution of energy among the molecules which is the 
most probable, where the probability of a state is conceived 
as measured by the number of independent ways of realizing 
the state. 

The solution of the foregoing problem for molecules repre- 
sents the great achievement of Maxwell and Boltzmann. 
There has been a great deal of discussion as to whether the 
number of ways of realizing a state of a gas in the above 
sense is a criterion as to the physical likelihood of its actually 
being found in that state. The arguments in this connec- 
tion are too long and involved for presentation here. Tak- 
ing the result for granted, we see that the most probable dis- 
tribution of velocity among the molecules of a gas is only a 
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“most probable” one, and is not a certainty. However, 
when the number of molecules considered is large, the num- 
ber of ways of realizmg the most probable distribution is so 
enormous, compared with the number of ways of realizing 
any distribution finitely different from it, that the maximxun 
probability becomes, to aU intents and purposes, synony- 
mous with certamty. 

Let us now turn to a problem which is still richer in its 
analogy with the problems of atoms and molecules. Let us 
consider, for example, three hotels, — one for Englishmen, 
one for Frenchmen, and one for Germans — with the under- 
standing that the different nationalities stick to their own 
hotels. Again, the rooms in the hotels shall be regularly 
graded in price ; but, the scheme of grading shall not neces- 
sarily be the same in each hotel. The problem then to be 
considered is this : How must the Englishmen be distrib- 
uted in the English hotel, the Frenchmen in the French hotel, 
and the Germans in the German hotel, subject to the condi- 
tion that the number of ways of realizmg each arrangement 
shall be the greatest possible, but subject also to the condi- 
tion that the total amount of money available for everybody 
is to be definitely allotted? Just the amount allotted, 
neither less nor more, is to be spent. Note that I do not 
require the amount of money available for the Frenchmen to 
be fixed, or the amount for the Englishmen or for the Ger- 
mans to be fixed separately, but simply the total amount for 
all. We must, in fact, consider all the possible ways of 
arranging matters so as to absorb just all and no more than 
the total amount of money available ; and, it is from these 
that we must pick out the arrangement which can be realized 
in the largest number of ways. When this is done, it turns 
out that in this arrangement the distribution of the French- 
men in their hotel differs from the distribution of the Ger- 
mans in their hotel, and of the English in theirs, in a manner 
determined in each case by the law of grading of prices of 
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the rooms in the respective hotels. In our analogy with 
molecular and atomic phenomena, the Englishmen are to 
be taken as analogous to, let us say, the monatomic-gas mole- 
cules like helium ; the Frenchmen to the diatomic gas mole- 
cules like oxygen; the Germans to, perhaps, a molecule 
with many atoms, or to certain of the other systems which 
we encounter in atomic physics, and which I shall not stop 
to discuss now. Just as the decision to seek the most prob- 
able arrangement of the guests, i.e., the one which can be 
realized in the largest number of ways, leads to a definite 
distribution of the guests in the various rooms of the respec- 
tive hotels, the distribution being determined in each case 
by the law of price gradation for the rooms of the corre- 
sponding hotel, so, in the atomic problem, the I'ealization of 
the condition of maximum probability of arrangement leads 
to a condition in which the different kinds of molecules are 
distributed in definite ways as regards the numbers of each 
which are assigned different energies. In other words, the 
energy distribution among the different kinds of molecules 
becomes determined. 

Now, in the problem of the hotels, we might interest our- 
selves in the average price paid by the Englishmen, the aver- 
age price paid by the Frenchmen, and the average price paid 
by the Germans. The relationship between these averages 
will be determined by the law of price gradation in the rooms 
of the respective hotels. If the law of price gradation is the 
same in two of the hotels, then the average price paid by a 
guest in each of these two hotels would be the same when 
each set of guests is distributed in the most probable man- 
ner. Now, in the case of the molecular problem, it turns 
out that the thing which determmes the analogue of the 
price gradation from room to room is the complexity of the 
molecules concerned. I have already stated, exactly, the 
law for what was called a monatomic gas. Here, our price 
gradation in the hotel necessary to produce the proper an- 
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alogy was one where the price was proportional to the square 
of the cube root of the number of the room. Now, in a dis- 
section of the mathematics of the problem, we find that the 
number 3 which characterizes the “cube” in the cube root 
really came in because of the three kinds of ways in which 
the molecule can possess kinetic energy. It 'may have 
kinetic energy corresponding to motion parallel to each of 
three mutually perpendicular directions. It may have 
energy due to velocity north and south, or to velocity east 
and west, or to velocity up and down. There is a certain 
independence of three mutually perpendicular directions 
which characterizes them as such. 

Now, a diatomic molecule may have energy in five different 
ways. It may have the three translational kinetic energies 
such as the monatomic molecule has. Then it can rotate 
about a point midway between the two atoms which com- 
pose it. The mathematician shows us how we can regard 
any rotation about this point as a combination of two rota- 
dons about mutually perpendicular axes through the point. 

he diatomic molecule has, in fact, five ways of having 
kinetic energy. It turns out that the hotel problem which 
IS to be analogous to the problem of a group of such mole- 
cules IS one in which the price of a room is proportional to 
the square of the fifth root of the number which designates 
the room ; and, an analogous situation holds for more com- 
phcated molecules and for other atomic or molecular systems 
which may have to be considered. 

Now the astonishing thing is this : When we seek, not 
the average energy of the various kinds of molecules in the 
Jate of ma^ximum probability, but the average energy 
lyided by the number of ways in which the molecule may 
have energy — the average energy per degree of freedom as 
1 IS called — we find that the quantity comes out the same 
for all kinds of molecules. This is the celebrated law of 
equipartition of energy. 
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A simple illustration of the law of equipartition of energy 
is to be found in comparing two such molecules as oxygen 
and hydrogen, the former of which is sixteen times as heavy 
as the latter. In the state of equilibrium, the average 
kmetic energy of the hydrogen molecule is equal to the aver- 
age kinetic energy of the oxygen molecule. Since, however, 
the kinetic energy of a molecule is proportional to the prod- 
uct of the mass and the square of its velocity, we see that 
the square of the velocity of the hydrogen molecule must be, 
on the average, sixteen tunes as great as the square of the 
velocity of the oxygen molecule. The hj'-drogen molecule 
thus moves very much more rapidly than the oxygen mole- 
cule. 

A more drastic example is found in the case of a number of 
cannon balls hung from the ceiling. These cannon balls 
get bombarded by the molecules of the gas around them. 
We believe that, approximately, they behave like very heavy 
molecules and that, eventually, they get knocked into the 
same kind of motion that molecules of mass equal to them 
would get knocked into. We believe that, ultimately, the 
average kinetic energy of one of those cannon balls would 
become equal to the average kinetic energy of one of the 
molecules which is bombarding them. On account of the 
enormous mass of the cannon ball as compared with the 
extremely small mass of the molecrde, however, the velocity 
attained by the cannon ball becomes extremely small in 
spite of the comparatively large velocity associated with the 
molecules. Thus, the mass of a cannon ball is about a thou- 
sand-miliion-million-million-million times the mass of an 
oxygen molecule ; and, it turns out that, although the aver- 
age velocity of the molecule is of the order 300 meters per 
second at ordinary temperatures, that of the cannon ball 
would be less than a thousandth of a millionth of a centi- 
meter per second. 

The molecules move too rapidly to enable us to observe 
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their velocities directly. However, by dealing with particles 
which are very much larger than molecules but very much 
smaller than cannon balls, it is possible to realize conditions 
in which we can actually see the random motion of the par- 
ticles here under discussion, and verify the laws which gov- 
ern such motions. Particles suitable for the purpose are 
found in very fine particles of gold which can be obtained 
in the form of what is called a “ colloidal suspension.” These 
particles cannot be seen directly with a microscope; but, 
by illuminating them with a strong beam of light which is 
viewed from the side with a microscope, it is possible to 
observe their positions and motions from the fact that each 
scatters the light of the beam in such a way as to give rise 
to a brilliant point of light like a little star. The motions 
observed in this way are named Brownian movements, after 
their discoverer. 

We have traced, of necessity rather incompletely, but 
nevertheless in some detail, the way in which equilibrium 
between different kinds of gases is supposed to be determined 
as regards the velocity distribution among the molecules. 
Our discussion so far must have seemed artificial in the high- 
est degree. We have endeavored to discuss the laws of 
motion of gas molecules by analogy with the laws of chance. 
My use of the analogy of the hotels must have seemed to 
many an example of the most flagrant speculation. It 
almost seems as though we ought to go back and apologize 
to Francesco Sizzi, whom we left lingering in disgrace in the 
first chapter. Wherein lies our defence? It lies in the fol- 
lowing ; In tracing out in greater mathematical detail the 
matters we have already discussed, it becomes possible to 
set up a complete correspondence between the laws of 
thermodynamics on the one hand and the laws associated 
with the statistical arguments on the other. That mys- 
terious quantity, the entropy, which we met in thermody- 
namics, turns out to be a quantity which is measured by the 
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number of ways of realizing the state of the system in the 
sense in which we have understood that idea. It is not 
exactly proportional to that number of ways, but to the loga- 
rithm of that number. However, it will suffice for our pur- 
poses to think of the entropy as measured by the number of 
ways in question. The tendency of a system to increase its 
entropy when it gets a chance is represented by the tendency 
of the system to seek the state of maximum probability. We 
saw that the different gases had different numbers of energy 
compartments ; different ways of holding energy ; different 
“degrees of freedom” in which they could accommodate the 
energy ; and we further saw that the statistical arguments 
led to the conclusion that the average energy associated 
with each of these “degrees of freedom” was the same for all 
gases which were in statistical equilibrium with each other. 
That average energy per compartment turns out to be pro- 
portional to the temperature of the system. If the average 
energy is high, the temperature is high. If it is low, the 
temperature is low. 

By a more elaborate formulation than it has been possible 
for us to give above, the story of the relation between heat 
and work becomes told, and even the story of such matters 
as the variation of pressure of the atmosphere with altitude 
as we rise above the surface of the earth. The probability 
aspect, when once introduced into the discussion, enables us 
to see our way to the solution of many problems whose solu- 
tion would not have been at all clear on the basis of the simple 
laws of thermod5mamics themselves. We have here another 
characteristic of a good “theory” in the modern sense of the 
word. The theory itself is of our own creation. It is in a 
sense artificial, but it has been constructed so as to fit the 
facts as far as they were k nown in the older thermodynamics. 
It itself, however, is in the form of a much more detailed 
story than that of the older thermod3mamics which was quite 
specific in certain places but nebulous as to its meaning in 
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others. It was a mixture of clear-cut statements combined 
with regions of vagueness. The statistical theory, formed so 
as to fit exactly to the older thermodynamics where that 
older story was definite, has now good right to ask to be 
believed in other predictions where the older thermody- 
namics would speak only with uncertainty if at all. In grop- 
ing^ our way from the crude experimental considerations 
which origmally suggested thermodynamical principles 
through the older formulation of thermodynamics to the 
statistical theory, with the criterion of maximum probabifity 
as the keynote of the whole story, we are as one who, enter- 
mg a new country, experiences new phenomena, new laws 
which he pieces together into consistency as best he ma y’ 
when suddenly, to his delight, he comes upon the written 
constitution of the county, which is the origin of aU the 


^ When the molecules of a diatomic gas are bombarded suffi- 
aently furiously by their neighbors, they become broken up 
mto their individual atoms. A certain amount of energy 
is_ necessary to disrupt a molecule in this way ; and, only at 
lugh temperatures are the molecules sufficiently energetic 
to accomplish an appreciable amount of splitting up of this 
temperatures such as that of the sun 
the phenonrenon becomes appreciably important. It is pos- 
sible to calculate the results obtained, on the assumption 
ffiat what happens is determined by the condition that the 
mial state shall be one of maximum probability. In our 
ana ogy of the hotels, the problem would be one where, for 
each natioriahty, there were three hotels, one for married 
couples, and the other two for people who had been divorced, 
one for men and one for women. The married couples are 
nalogous to the molecules, the divorced people to the indi- 
vidual atoms, and the lawyer’s fee, necessary to secure the 
divorce is analogous to the energy required to break the 
molecule into its two atoms. In our analogy, we must sup- 
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pose the total amount of money for housing the guests and 
for paying for their divorces to be fixed. If all the couples 
remained married, the number of ways of realizing the most 
probable distribution of guests in the single family hotel 
would be less than was the case when some were divorced. 
For the married couple counts as one entity in determining 
the number of arrangements possible, while, when a couple 
becomes divorced, it produces two people who are now 
counted as distinct entities and who, incidentally, go into 
the two other hotels. On all these counts, divorce increases 
the number of distributions of guests which may be made 
when they are arranged so that the number in question shall 
be the greatest possible. Were this the whole story, the 
statistical theory would suggest that all the married couples 
would become divorced. However, divorce can only be 
accomplished by payment of the lawyer’s fee ; and, this 
must be taken out of the money originally available for 
housing the guests in the rooms. It turns out that the less 
the money ultimately left for housing the guests, the smaller 
the number of ways of realizing the most probable distribu- 
tion. Thus, probability of the divorced situation becomes 
increased by that aspect of divorce which results in increase of 
the number of people who are to be considered as separate 
entities ; but, it becomes decreased by the expense involved 
in the divorce, by the lawyer’s fee. There is between com- 
plete divorce of all couples and complete absence thereof, a 
compromise which becomes characterized as the most prob- 
able condition. We can determine this compromise by 
relatively simple mathematical calculation ; and, when it 
is determined, we know the fraction of the couples who will 
exist in the divorced state. It wiU depend upon the amount 
of money available, and upon the lawyer’s fee. 

With a properly chosen scheme of gradation in price from 
room to room founded upon comparison with the molecules 
for which we are building our analogy, the solution of the 
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problem of the fraction of all the molecules which become 
split up into atoms as a function of the temperature and of 
the energy necessary to disrupt a molecule is exactly the 
same as the solution of the problem of the fraction of the 
total number of couples who become divorced, as a function 
of the average cost of housing one of the guests in the final 
state attained, and of the lawyer’s fee. I do not wish to 
alarm my readers by implying that the analogy is complete 
in actuality. There are reasons other than the cost of get- 
ting a divorce which keep people married. If the fee were 
the only restraining influence, however, the analogy would 
be exact. 

All of the requirements imposed by the second law of 
thermodynamics in its primitive form are provided for by 
the assumption that all things around us attain equilibrium 
with each other only when the system as a whole has attained 
the most probable state. If we ponder upon the question 
as to why, when a kettle of water is placed upon the fire, the 
kettle becomes hotter and the fire colder, the “reason” is to 
be sought in the conclusion that the distribution of velocities 
among the molecules of the kettle and of the fiire correspond- 
ing to this situation is enormously more probable than would 
be a distribution of velocities which corresponded to the 
fire’s becoming hotter and the kettle’s, colder. So far as the 
mere dynamics of impact of molecules is concerned, the 
kettle could become colder and the fire hotter, but the state 
thereby produced would be one of enormously smaller 
probability than would the state we are accustomed to 
expect. 

It is of interest to observe, however, as a matter of exact 
statement, that, on the basis of the statistical theory of 
thermodynamics, those situations which our common-sense 
experience teaches us to expect as certainties are to be re- 
garded only as situations of extreme likelihood. Once m 
an aeon, nature may present us with something which we do 
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not expect. Once in an aeon, the kettle may be cooled and 
the fire heated when the former is placed upon the latter. 
I need hardly remark, however, that it is safe to set the time 
of one’s tea in the belief that the normal procedure will pre- 

vail. 


Chapter VI 

The Fate of the Universe 

Silhouetted against the sky in the constellation Andromeda 
is a tiny patch of light, hardly visible to the eye. It is the 
great nebula of Andromeda — one of the giants of the uni- 
verse, a thing so large that light, traveling at the rate of 
186,000 miles per second, takes 50,000 years to cross it, but 
so far away that this light takes nearly a million years to 
reach us, so that we see that nebula not as it is today, but 
as it was a million years ago. It looks like a smeared-out 
object, and yet it is composed of stars as large as, or larger 
than, our sun — stars which distance has smoothed out to 
our vision so that we do not see them indmdually but only 
in mass. But the great nebula of Andromeda is only one of 
the million of such nebulae, each a little universe of its own, 
bound to us in one great universe by those all-pervading 
messengers, the light photons, which bring the story of our 
neighbors to us. The number of stars in the grander uni- 
verse is, possibly, about 10,000 million-million-million. In 
other words, there are about as many stars in the grander 
universe as there are glasses of water in all of the oceans of 
the world. These stars are of various kinds. There is Betel- 
geuse, the great red star of Orion. It is a gas, and a very 
rarefied gas at that, for its density is only about one- 
thousandth part of that of our atmosphere. The sun is a 
star, and it is also a gas, but compressed to a density about 
1.4 that of water. It is about a million miles in diameter. 
It has a surface temperature of about 6,000 degrees Centi- 
grade, but the temperature of its interior, in common with 
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that of many other stars, attains the almost inconceivable 
value of about forty-million degrees. Then we have in the 
universe another strange star, known as the companion of 
the star Sirius. It has a mass nearly equal to that of the 
sun, but a diameter only one-twentieth of the sxm’s diameter, 
so that it is composed of material of very great density. In 
fact, the density of the substance of the companion of Sirius 
is about 60,000 times that of water. In other words, the 
stuff of which the companion of Sirius is made weighs about 
a ton per cubic inch. There are many other kinds of stars 
to be found in the universe. It is not our intention to de- 
scribe the various kinds in detail — that would be a subject 
more appropriate for a book devoted exclusively to stars. 
The questions which concern us here are such broad ones as : 
Whence come all these stars — How do they maintain their 
heat — What is their age — What is their ultimate fate and, 
indeed, the fate of all matter? 

Many years ago, astronomers set themselves the problem 
of studying the nature of the stars by seeing what sort of 
condition would be produced by taking a large amount of a 
perfect gas and allowing it to come to equilibrium under its 
own gravitational attraction. If we assign a certain amount 
of gas, we cannot just take that gas and imagine it distrib- 
uted in a sphere of any arbitrarily assigned size, because in 
general the gravitational attractions will disturb the dis- 
tribution we propose. If, however, the temperature of the 
gas is suitably adjusted, we can arrange for the star to have 
any size we choose, consistent with a given total mass. Re- 
membering that the gravitational force and the pressure of 
the superincumbent gas alters as we go towards the center of 
the gas, it turns out that there has to be a perfectly definite 
distribution of temperature from the exterior to the interior, 
in order to provide for the size of the whole globe of gas. In 
other words, if you tell me that the star has a certain size, 
and a certain total mass, and that it is a perfect gas, I can 
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tell you what the temperature must be at each point of its 
interior. Then, having ferreted out the temperature dis- 
tribution in our star, it is possible to calculate the amount 
and quality of the radiation which will pass back and forth 
in any region below the surface, and it is possible to calcu- 
late the total amoimt and quality of the radiation which 
will come out from the surface of the star. We can, in 
fact, calculate the total brightness of the star from its mass 
alone. It is thus possible to compare the results with the 
experimental facts in the case of those stars whose masses 
are known. When we do this, we find that, in many cases, 
the agreement of theory and experiment is very good, so that 
support is thereby lent to this theory as to the nature of the 
star. There is one difficulty, however ; the agreement turns 
out in some cases to be too good. Thus, for example, the 
sun falls in line with its fellows in following the prediction 
of the theory. But, at first sight at any rate, the sun should 
not fit the theory, because the theory only holds for a per- 
fect gas. It will suffice for our purpose to regard a perfect 
gas as a gas like that of our atmosphere under ordinary pres- 
sure, where, if we should double the pressure of the gas, we 
would halve the volume. Our knowledge of the way in 
which a number of rapidly moving molecules wotild behave 
shows us that such a law relating pressure and volume is to 
be expected if the distance between the molecules is large 
compared with their size. In ordinary air at atmospheric 
pressure, the distance between the molecules is about 500 
times their size. When the gas is so compressed that the 
molecules come into close contact with one another, the sim- 
ple laws relating pressure and volume start to fail ; and, 
finally, when the molecules are practically in contact with one 
another, enormous pressmes are necessary to produce further 
appreciable change in volume of the substance, and the sub- 
stance departs far from the behavior characteristic of a per- 
fect gas. It will be seen that the densities at which gases 
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cease to behave as we expect a respectable gas to behave will 
depend upon the size of the molecules, or of the entities 
which play the part of the molecules of the gas. Now the 
sun has a density one-and-a-half times as great as that of 
water, so that if the atoms of its substance are in anything 
like the condition that we should find them on earth, they 
must be crowded together so tightly that the sun would be 
about as far from the condition of a perfect gas as it possibly 
could be. The situation with regard to the star Kreuger is 
even worse ; for, the density of the substance of this star is 
greater than that of iron ; and, yet both Kreuger and the 
sun succeed in passing themselves off as perfect gases by 
agreeing with this theory, and doing just about what they 
ought to do if they were perfect gases. How can they be 
so deceitful? Let us pause for a moment while we examine 
the condition under which the molecules exist in the sun. 
Perhaps after all they may not be deceitful ; for, at tem- 
peratures of forty-million degrees strange things may 
happen. 

I have already referred to the phenomenon of ionization, 
in which an electron is torn from an atom by the act of some 
external agency, leaving the remainder positively charged. 
Bombardment by swiftly moving electrons will result in 
electrons being tom from atoms. Atoms lose electrons 
when subject to bombardment by radiation, such as light or 
X-rays. Light is only capable of removing the most easily 
detached electrons from atoms — those electrons which in 
the Bohr theory would occupy the outermost orbits. 
X-rays, which are of shorter wave lengths, are able to detach 
electrons which are more deep seated, i.e., those which are 
more tightly bound to the nucleus. If the X-rays are short 
enough in wave length, they will be able to detach even the 
electrons which are most closely bound to the nucleus. 

When an atom loses an electron, it immediately starts to 
look around for another to repair the damage. It adver- 
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tises its loss by means of its positive charge, and usually there 
are enough electrons around to apply for the vacancy at 
once. If, however, there is enough of the ionizing agency 
around, an atom may lose two or more electrons before the 
damage is repaired. If the ionizing agency is sufficiently 
plentiful and potent, it may never allow the atom to repair 
itself. It may be on the look-out immediately to rob an 
atom of every electron it endeavors to acquire to rebuild its 
broken structure. 

Now if we heat a substance to a sufficiently high tempera- 
ture, agitation of the molecules and atoms caused by the 
heat becomes great enough to enable these atoms and mole- 
cules to detach electrons from each other by sheer bombard- 
ment. It is not until we have reached such temperatures 
as occur on the exterior of the sun — temperatures of the 
order of 6,000° C. for example — that such actions become 
appreciably potent, even as regards the removal of the exter- 
nal electrons from atoms. Then, traveling about in the 
space between the agitated molecules, we have radiation, 
that radiation which is responsible for transmission of the 
energy of a hot body from the body through space. Even 
at the temperature of the sxm’s surface, the predominating 
wave length of this radiation is of the order of s/ioo,oooths 
cm. As tbe temperature is raised, the radiation which pre- 
dommates becomes of shorter and shorter wave lengths 
until, as we attain temperatures such as are calculated as 
prevailing in the sun’s interior, the predominating wave 
length is of the X-ray t3rpe, i.e., it is a very short wave length 

one whose light would be unobservable to our eye but 
which would be powerful enough to tear from atoms the most 
deep-seated of their extra-nuclear electrons. As a matter of 
fact, particularly at high temperatures, it is the radiation 
traveling about in the interior of a hot body which is the main 
agency in detaching electrons from its atoms. At the tem- 
perature of the sun’s surface, the radiation is just on the 
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verge of becoming an important influence in ripping elec- 
trons from the outer regions of atoms. When we reach tem- 
peratures of the order of 100,000°, the radiation which ac- 
companies them is able to rip electrons from orbits inside 
the outermost orbits, and at temperatures such as are prob- 
ably attained at the sun’s center — temperatures of the 
order of 40-million degrees — the innermost orbits of the 
electrons become affected so that, as the central regions of 
dense stars range in temperature from s8-milIion degrees 
to 300-million degrees, we may well suppose that, in such 
regions, the extra-nuclear electrons have become completely 
stripped from the atoms, leaving only the bare nuclei. 

We now have the secret of how the sun was able to pass 
itself off as a perfect gas. It did not have to deceive us ; it 
is a perfect gas. Stripped of all the extra-nuclear electrons, 
its atoms, now reduced to bare nuclei, are enormously 
smaller — about 100,000 times smaller — than they were in 
their nonnal states. They can now continue to act like a 
perfect gas up to pressures and densities enormously 
greater than would be possible at ordinary temperatures ; 
and so the mystery not only solves itself, but in so doing 
directs our attention in a very vivid manner to that very 
special state of matter to be encountered in the central parts 
of these dense stars, a state in which the whole external 
architecture of the atoms has been destroyed, leaving, how- 
ever, the nucleus itself untouched. Were the nucleus also 
disrupted to its protons and electrons, the complete identity 
of the particular atoms would be lost. To bring such a 
condition about, however, much more drastic disrupting 
influences would be necessary even than those available at 
temperatures of loo-million degrees. The sun’s atoms 
have been badly broken, but they still know who they are. 

The sun is pouring forth heat at an enormous rate, a rate 
equivalent to 50 horse power per square inch of its surface. 
The heat sent out from the sun, if poured into the oceans of 
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the earth, would cause them to boil in one second. We can- 
not account for all this heat by simply sa5dng that the sun 
is hot and is cooling ; for, if it cooled at that rate, it would 
become practically cold in a time which is insignificant com- 
pared with the times which figure in astronomy. Many 
years ago. Lord Kelvin tried to explain the maintenance of 
the sun’s radiation as a result of the gravitational energy 
set free in its contraction. If the sun cools, it must con- 
tract in size. Now this contraction in size means that the 
sun’s matter is “falling” in the substance of the sun itself ; 
and, just as a falling stone generates heat by the loss of its 
potential energy in the fall, so the sun’s material will gener- 
ate heat by the loss of potential (gravitational) energy inci- 
dental to its contraction. In other words, the sun in cooling 
through a certain number of degrees gives out much more 
heat than it would give out if this contraction did not occur, 
with the result that, to account for a given I'adiation of heat, 
we do not have to invoke such a rapid rate of fall in temper- 
ature as we would have to invoke if matters were not helped 
out by the gravitational attraction. However, it turned 
out from Lord Kelvin’s calculations that, on this basis, the 
sun could not be supposed to be more than about 20-million 
years old, for it cannot have supplied more heat in this way 
than would have corresponded to the falling together of all 
its matter from an infinite distance. Some of the stars are 
radiating much more copiously than the sun, and Lord 
Kelvin’s theory would cut their lives down to about 100,000 
yea,rs. There are, however, certain lines of consideration 
wliich suggest that the age of the stars is enormously greater 
than even twenty-million years. We have already seen 
how a lot of molecules are supposed to attain among them- 
selves a distribution of velocity which is characteristic of 
their temperature. With whatever velocities we start them 
off, they will finally attain this distribution of velocities — 
the distribution characterized by the most probable state 
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of the gas. The gas molecules adjust their velocities 
through the medium of their forces of interaction between 
one another as they approach one another during their 
flight. In the case of molecules, we picture actual collisions 
between the molecules, but the result would be just the 
same were the collision “cushioned,” as they would be if 
the bumps were not sudden but were brought about by 
repulsive forces between the molecules, forces which become 
very great when the molecules approach closely. The same 
result would follow even if the forces were attractive. In 
this case, a molecule would approach another with increas- 
ing speed ; but, even as a motorist who is traveling with a 
great velocity and suddenly aims at a fixed mark swings 
around that mark on account of his inertia, so these attract- 
ing molecules would swing around each other. Each en- 
counter of this kind gives a chance for interchange of 
energy, and, as we know by working out the matter in de- 
tail, the molecules of the gas, as a result of such changes, 
approach more and more toward that distribution of veloci- 
ties characterized by what we have called the most probable 
distribution. The molecules of a gas under ordinary con- 
ditions are very close together, so that the collisions are 
enormously frequent. Each molecule of air at atmospheric 
pressure makes about 3000 million collisions per second. 
Now the stars are like a great gas — a very unusual gas, it 
is true — a gas composed of very heavy “molecules” with 
very great distance between them so that “collisions,” or 
perhaps we had better say “encounters” of sufiicient close- 
ness to permit of appreciable change of energy are very 
infrequent. However, mathematics is no respecter of mag- 
nitudes, and it tells us that these stars through their gravi- 
tational attraction will seek a distribution of velocities 
exactly analogous to that sought by a gas. The time taken 
to reach that condition will be enormous, on account of the 
great distance of the stars from each other. However, it 
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is calculable. Now when we observe the velocities of the 
stars, we find that they have practically attained a dis- 
tribution of velocity like that of the gas molecules, so 
that they must have been in existence long enough to have 
brought this condition about. From such evidence it has 
been claimed that the stars must have ages of the order of a 
million-million years at least ; and, during all this time they 
have been pouring forth heat at the prodigious rate we have 
cited. Whence came all this heat? It seems that we must 
look for it in those processes of atom building, and conver- 
sion of mass into energy whose potency for the purpose has 
been illustrated in Chapter III. Thus, to recall the facts 
cited in that chapter, if we could take the electrons and 
protons in a gram of hydrogen and reassemble them so as 
to form helium, the heat evolved would be enough to raise 
one and a half million kilograms of water from the tempera- 
ture of melting ice to the boiling point. By the transmuta- 
tion of the elements in the sun, it would be possible to ac- 
count for a supply of energy which would keep the sun 
burning for 10,000 million years or so. If, however, we 
require a more potent supply than this, the last appeal 
must be to the mutual annihilation of protons and electrons 
themselves. The amount of energy available from this 
source is amazingly large. As already remarked in Chap- 
ter III, the annihilation of the protons and electrons in a 
single drop of water would provide enough energy to supply 
200 horse power for one year. It is to the transmutation 
of the elements, or to the mutual annhilation of protons 
and electrons, or to both, that we now look for the mainte- 
nance of the heat of the stars. Such phenomena are never 
experienced on earth under normal conditions ; but with the 
conditions at the centers of stars, conditions involving hun- 
tods of millions of degrees of temperature and pressures of 
inconceivable magnitude, activities which are of negligible 
importance on our earth may assume a fundamental r 61 e. 
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The reasonableness of appeal to such processes as transmu- 
tation of the elements as a source of the heat of the stars is 
enhanced by the great strides which have been made m the 
last year or so in actually promoting such transmutation in 

laboratory experiments. _ 

The Expanding Universe. Quite recently, an entirely 
new element has become imported into the realms of cos- 
mological speculation. As we observe the light from ^ the 
distant nebulae, we find the spectrum lines are shifted m a 
sense to make their light of longer wave length than we 
should obtain for corresponding lines in the case of spectra 
obtained on earth. They are in fact shifted towards the 
red end of the spectrum. Moreover, the farther the nebulae 
are from us the greater is the shift. Such a shift of wave 
length could be produced by a cause similar to that which 
lowers the pitch of the whistle of a receding train if these 
nebulae were receding from us, but it would be necessary to 
assume that the more remote nebulae are receding more 
rapidly than those nearer to us. The rate of recession is 
enormous, amounting in general to speeds far in excess of a 
thousand miles per second. Speeds as high as 15,000 miles 
per second have been recorded. Such a rate of recession 
places an entirely new aspect on the origin and age of the 
greater universe; for, it leaves us with the possibility tha 
within comparatively recent times, as astronomy counts 
time, these nebulae were quite close to us. Among the 
curious ideas involved in the interpretation of the observa- 
tions is one which amounts to the supposition that all the 
atoms are shrinking as time progresses, and that the periods 
of all their vibration are shortening, so that the atoins oi 
today emit light of higher frequency than that emitted by 
those atoms in the corresponding spectrum lines in the past. 
The question then becomes raised as to whether the redden- 
ing of the light from these very distant nebulae may not arise 
from the fact that when their light was emitted nulhons ot 
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years ago, the atoms emitting that light were larger and the 
wave lengths emitted were longer. The complete story of 
these matters is one which has grown up hand in hand with 
the development of Einstein’s General Theory of Relativity. 
It involves the utilization of those mysterious concepts 
which have their existence under such names as “curved 
space,” “finite but unbounded space,” etc. While we shall 
discuss these concepts in Chapter IX, and while it is hoped 
that the discussion there given may prepare the reader for a 
better understanding of the ideas involved in the theory of 
an expanding universe should he desire to pursue the matter 
further, we shall not so pursue the question here. The 
ordinary naive statement of the matter will not lead the 
reader astray until he begins to delve into the realm of de- 
tails which is the home of the specialist. In such language 
we may then say that the universe of nebulae is to be likened 
to a conglomeration of flies embedded in a solid elastic ball 
which is being uniformly stretched at a constant rate. The 
flies will be found to be “separating” from each other at a 
constant rate. As a result, if I consider myself as one of the 
flies, the more distant flies are receding from me more rapidly 
than those nearer to me because, while the nearer ones are re- 
ceding from me, the more distant ones are, m addition reced- 
ing from them.* In the view of the Abbe Lemaltre, the whole 
thing started by an explosion from a condition in which 
initially the substance of all of the nebulae existed in one 
mass as a sort of super atom. According to Sir Arthur 
Eddington, it arose in a less spectacular manner starting 
from a condition in which there was a “beginning” in which 

* A rather more perfect analogy in the sense that it retains the principle of a 
finite but unbounded space, is one cited by Sir Arthur Eddington, Here we sacrifice 
one of the dimensions of ordinary space, and liken that space to the surface of an 
elastic bubble. The flies are embedded in the bubble. The bubble is filled with 
air under pressure. If the pressure is suflficient the bubble will go on expanding, 
and at an increasing rate because the rubber gets thinner and thinner. As the 
expansion proceeds, the flies get farther and farther apart. At each instant, how- 
ever, they completely occupy their “space,” the two-dimensional space of the sur- 
face of the bubble. 
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all of the protons and electrons in the universe were dis- 
tributed uniformly throughout space — a “finite but un- 
bounded space” in the sense of the theory of relativity. 
The mathematics of the solution, combined with our knowl- 
edge of the fundamentals of atomic processes and with the 
theory of relativity tells us that the state is an unstable 
one ; and according to Eddington, it gradually developed 
into the state now existing. 

The Last Phase. We have seen how, in order to maintain 
those furnaces of the universe, the stars, the astronomers 
had compelled them to devour their own substance in order 
to supply their heat. In the view of Sir James Jeans, the 
electrons and protons of matter anniliilate each other in this 
mad race for extinction ; and, in their annihilation, they gave 
rise to radiation. It is possible to calculate the wave length 
of the radiation which would be produced by the annihila- 
tion of a proton and electron. It comes out to about one 
millionth of a millionth of a millimeter. This wave length 
is small enough to endow the waves with the properties of the 
most penetrating of the cosmic rays — rays capable of pene- 
trating several feet of lead without a reduction of their in- 
tensity by more than a factor of one-half. Indeed, it has 
been suggested by Jeans that the cosmic rays are actually 
produced by the mutual annihilation of protons and elec- 
trons, although several other suggestions such as those cited 
in Chapter II have been given. The radiation so generated 
in the interior of a star would become absorbed by the sub- 
stance of the star itself and would ultimately appear as heat, 
and would go to feed that continual drain of energy by radia- 
tion from the surface of the star. The pursuit of such an idea 
to its logical conclusion would vision the ultimate end of the 
universe as one in which most — if not all — matter had dis- 
solved into radiation ; cold almost to the ultimate limit of 
coldness ; black with the darkness of eternal night, and with 
at best dead remnants of cold planets and suns as the sole 
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representatives of the glories of the past. Such a state of 
affairs is very satisfying to some and particularly to the 
school represented by Sir James Jeans, as it symbolizes the 
rigorous finality of the workings of the second law of thermo- 
dynamics. In such a state, the entropy would have reached 
its highest value; and, in the language of statistical me- 
chanics, the universe would have attained a state of maxi- 
mum probability. However, there are others of whom 
Professor R. A. Millikan is a prominent spokesman, who 
seek a less lugubrious fate for the universe. According to 
Millikan, the cosmic radiation does not find its origin in the 
stars, but in the very confines of space itself, the main reason 
for this belief being the practical equality of the intensity of 
the radiation received from all directions, and certain further 
difficult consequences which would follow in the stars them- 
selves were one to suppose that all of these radiations ob- 
served had their origin in them. Spectroscopic evidence has 
led to the belief that there are, on the average, in interstellar 
space about one or two atoms per cubic inch. However, 
Millikan supposes that, in addition to these atoms, there are 
also free electrons and protons, and that occasionally a few of 
these come together and build up an atom. I have already 
referred to the fact that we can make an atom of heh\xm out 
of four atoms of hydrogen, that is to say, out of four protons 
and four electrons, and that the atom of helium has a mass 
less than the sum of the masses of the individual electrons 
and protons, so that in the event of such an action coming 
about, there wiU be a radiation of energy corresponding to 
the mass which is rendered available. Millikan points out 
that a radiation of the characteristics of the cosmic radiation 
would be produced by the formation in this manner of atoms 
of iron out of protons and electrons. Li such an explanation 
we are inevitably confronted with certain difficult questions. 
The first of these is, whence came the protons and electrons 
of interstellar space which are responsible for the phenome- 
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non ? We might suppose that any which happen to be there 
now would very soon disappear as a result of the very action 
postulated. In order to overcome this difhculty, Millikan 
has supposed that the heat radiation from the stars con- 
denses, as it were, into protons and electrons in interstellar 
space / so that we have more or less complete cyclical 
processes in which matter is being destroyed in the stars, 
and converted into radiation which is then sent out into 
space to condense after a time into protons and electrons 
wMch in turn build up atoms and_ finally stars which serve 
for a repetition of the process ad infinitum. ^ ^ 

A further serious difficulty encoimtered by Millikan s 
theory lies in the fact that, in the creation of an iron atom 
for example, in order to explain the emission of the cosmic 
ray of the desired frequency, it is necessary to suppose that 
the atom is created from electrons and protons in one act. 
For if the iron were built up in successive stages, we should 
have emissions of radiation at each stage of the process, and 
these rays, corresponding to smaller energy would not be 
suitable to represent cosmic rays. We are, therefore, con- 
fronted with the extreme unlikelihood of all the electrons 
and protons necessary to form an iron atom coming together 
at one and the same time. There seems nothing in the uiii- 
verse which could be responsible for calling such a weigh y 
convention. Milhkan endeavors to bridge this difficulty by 
supposing that the protons and electrons come together one 
at a time, forming clusters which hang around each other 
and then, at the opportune moment, take the plunge. Ihe 
situation is analogous to a group of people who come to hear 
a lecture and congregate in the hall until the appearance o 
the lecturer, when they all go into the hall toget er , regre 
that I cannot suggest who the atomic lecturer may be. 
Perhaps they just wait for the last arrival like guests at a 

^^owj^all^of this “saving of and horror of 
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the perpetual night is very repugnant to the stout devotees 
of the second law of thermodynamics. In the terms m 
which they have envisioned the universe, and with all the 
possible states counted as they conceive they ought to be 
counted, the state of the universe as we have it today is an 
extremely improbable one ; and, in the second law of ther- 
modynamics they see a continual tendency on the part of 
nature to seek the most probable state, where the proba- 
bility of the state is s3nnbolic of the number of ways of real- 
izing it. In those parts of nature in which the processes of 
spontaneous physical change can be examined in detail, they 
actually see the process by which nature seeks the most 
probable condition. They feel that even those processes 
which are not so clearly specified must also conform to the 
same principle, and they feel that processes which would 
reverse the march towards chaos — processes such as the re- 
formation of electrons out of radiant heat energy — are con- 
trary to the scheme of nature. The subject is one which is 
too involved for complete discussion here. However, I can- 
not but feel that the strict disciples of this view have seized 
upon a principle and endeavored to make it lord of the pos- 
sible facts upon which it rests. The argument concerning 
the equivalence of extreme probability in the sense in which 
that term is understood in the theory, on the one hand, and 
extreme physical likelihood, on the other hand, is one which 
has no foundation in its own right. It must rest upon the 
fine-grained laws of atomic processes to provide a reason for 
that equivalence.* No basis of calculation of probabilities 
can have any correspondence to the results of the physical 
universe, unless it is substantiated, and provided for, by the 
ultimate physical laws which control the course of events. 
A situation which becomes one of extreme probability under 
one system of laws becomes one of extreme improbability 

* The technical reader will recognize that we are here referring to such argu- 
ments as that customarily made from Liouville’s theorem. 
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under another system of laws. On the basis of laws anal- 
ogous to those which are invoked to substantiate the claims 
of the chaotic state as the most probable one, a swarm of 
flies would distribute themselves uniformly throughout a 
room in which they were placed, whereas in practice they 
will be foimd in the sugar bowl. Of course, the ultimate 
laws must not clash with the requirements of thermody- 
namics in those regions where a clash would cause these ulti- 
mate laws to deny the facts of experiment. If, however, 
there were a conversion of heat radiation into electrons in 
amount necessary to provide for a rejuvenation of the uni- 
verse, there seems no way in which our conclusions regarding 
the bearing of thermodynamics in its relation to the practi- 
cal problems of our world would suffer.* If the spirit of 
the principle of thermodynamics were violated to the extent 
of the existence of such a situation, we should still, prior to 
its discovery, have undergone the development which we 
have undergone. We should have “discovered” the second 
law of thermodynamics in spite of the fact that it was not 
universally valid. While I personally have no preference for 
an everlasting universe over one destined to eternal death, 
it is no quibble to maintain the significance of such escapes 
from the second law of thermodynamics. Any quibble is a 
“shoe on the other foot” in extrapolating thermodynamics 
beyond the realms of experience for the mere perpetuation 
of its continuity over all nature. It should be satisfied with 
a system of general laws which provide for its truth over the 
realms in which that truth is required. For, to require more 
of those laws is to supplant them by itself as a fundamental 
principle of nature subservient to nothing else for an exist- 
ence. Such an attitude is maintainable ; but, to maintain it 
makes thermodynamics speak with the voice of God indeed. 

* Within the last year, experimental discoveries have given strong support to 
the belief that material particles can be born out of radiant energy, although it 
must be admitted that the radiant energy concerned is of far shorter wave length 
than that associated with ordinary heat radiation. 
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Perhaps an analogy will be helpful in this connection. It 
is a fact that water flows downhill. We can imagine a com- 
munity of simple-minded mountaineers for whom this prin- 
ciple played a very important part in their daily life. They 
see a stream in the mountains, and they know that if they 
follow it, it will eventually lead to the plains. They know 
that if they build their roads along the banks of the stream, 
they will never have to climb any high hills on their journey, 
etc. The fact that the sun evaporated the sea, sent it into 
the clouds there to fall as rain and feed their stream would 
in no way interfere with the principle that water flows down- 
hill in all fields in which they have occasion to use that 
principle. If, as a matter of mere philosophical speculation, 
they desire to extend the principle that water always goes 
downhill in the absence of animate beings to carry it up, 
they are likely to give themselves much trouble to under- 
stand whence comes the rain that feeds their rivers. In the 
specifications of the second law of thermodynamics, one is 
usually very careful to say that, without the assistance of 
animate agency, such and such cannot happen. This pro- 
vision is necessary, because Clark Maxwell pictured to him- 
self a demon who sat at a small doorway in a partition 
separating two halves of a chamber containing gas. The 
demon was supposed to watch the molecules. When he saw 
a quickly moving molecule coming from the left toward the 
door, he opened the door and let it through. And when 
he saw a particularly slow one coming from the right-hand 
side toward the door, he let it through also. In this way, 
the demon was able to get all the fast molecules on the right 
and the slow ones on the left. Thus he was able to defeat 
the second law of thermodynamics by starting with the more 
probable condition and producing from it, without expendi- 
ture of work, a less probable one. And so the demon had 
to be prohibited. He and all his kind were eliminated by 
restricting the processes involved to inanimate processes. 
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But, after all, the definition of an inanimate process is rather 
vague. If one defines an inanimate process as one which 
can never violate the second law of thermodynamics, there 
is nothing further to be said, and, moreover, nothing that 
was worth saying has then been said. If, however, one is 
willing to be more honest with himself, he has to realize that 
it is by no means impossible to invent an infinite number of 
schemes of law which will reverse the processes of thermody- 
namics as ordinarily understood. He cannot in general do 
tbis in those parts of the processes which have been studied 
and already expressed. It is part of the stronghold of the 
second law of thermodynamics that such processes do not 
lead to its violation. When, however, he is able to work 
upon possible processes which do not play a part in his im- 
mediate surroundings but which nevertheless may play an 
important part in the history of the universe as a whole — 
such processes as the reconstruction of an electron out of 
radiation — then indeed may he allow his imagination full 
play without danger of coming into clash with the second 
law of thermodynamics as regards its practical working 
features. In invoking such a process, perhaps a good test 
which one may set himself is to inquire whether the process, 
violating as it does the spirit of the second law, would, if it 
existed, have prevented people from going through exactly 
the mental processes they have gone through leading to the 
very discovery of that law, and the subsequent belief in its 
universal validity. 

It is customary to make an apology at the beginning of all 
cosmological arguments, by stating that it is to be distinctly 
understood that the problems considered have relation only 
to the physical universe of inanimate matter, and exclude 
from their survey all things pertaining to life. For some 
peculiar reason, analogous to George Washington’s avoid- 
ance of punishment by confession to the sin of cutting down 
the cherry tree, this candid admission at the beginning is 
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taken to provide a perpetual indulgence against invoking 
anything of the nature of animate phenomena in all that fol- 
lows in relation to the material universe. Is this attitude 
justified, however? Is it, in fact, possible to separate the 
two? I do not mean to say that it is to be supposed that 
man keeps winding up the universe ; but, it seems dangerous 
to diaw too sharp a line between the laws for animate and 
inanimate things. Animate beings certainly partake of the 
of inanimate matter in many respects. I surmise 
that I shall be just as much hurt by impact with a dead cow 
as with a living one traveling at the same speed, and in the 
same manner. _ May it not be that those forms of law which 
are more peculiar to the animate phases of our existence play 
also a part in the inanimate world — a part which is, how- 
ever, negligible in its observable effects in relation to the 
common thmgs of our everyday experience but which is 
nevertheless, a part potent in its results in certain matters 
cosniological? Concerning these matters, however, I shall 
speak at greater length in a subsequent chapter. 

.pother aspect of the situation as regards the fate of the 
universe has been pointed out by Prof. G. N. Lewis. Al- 
though admitting all the customary arguments as to the 
final state of chaos predicted by the second law of thermody- 
namics bemg the most probable one, it is only a most probable 
one and not a certainty. The very statistical process itself 
carries with it the possibility, and indeed the surety, of 
departures from that state. The conventional argument 
gams le justification of attaching any significance to thlg 
pomt as a happy way out for those who abhor an end in 
chaos IS to pomt to the enormous odds against the likelihood 
of the existence of any one of these improbable states at any 
ardent to this criticism, however, I 
nrnhflKi ™ust realize that it does not matter how im- 

regards the universe as born out of chaos, it is only during 
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those very rare occasions when this improbable universe 
fashions itself that there will be present those highly improb- 
able entities, ourselves, to study it. 

Finally, I must express entire agreement with those who 
demur against elaborate attempts to “save” the universe 
from ultimate chaos, simply as a matter of preference. On 
the other hand, I think one must avoid equally strongly the 
conclusion that ultimate chaos is an almost unavoidable con- 
sequence of our present knowledge. The extrapolation of 
thought between our knowledge of what actually happens in 
the behavior of matter, and the conclusion as to the ultimate 
fate of the universe seems enormous indeed. However, if 
we are not willing to close our minds to the question as one 
too speculative for present prediction, we have a choice 
between two current views. If, on the one hand, we think 
with Professor Millikan, we see a permanent universe in 
which matter is created and built up into its various complex 
atoms in interstellar space. After its birth, it falls together 
to form a star. With rise of temperature the conditions for 
its reconversion into radiant energy are provided. This 
radiation travels out once more into space again to condense 
into protons and electrons which start a repetition of the 
never-ending cycle of events. If, on the other hand, we 
favor the school sponsored by Sir James Jeans, we see in the 
universe a great organism whose life is slowly ebbing away 
from it and whose very substance is evaporating into noth- 
ingness for ever. On such a view we may well paraphrase 
the words of Prospero and envision the day when these dumb 
actors on the stage of nature shall have vanished into thin 
air, into less than air ; when the great nebulae of space, the 
planets, and all which them inhabit, when our great sun and 
the very stars of heaven have dissolved and left not a wrack 
behind. 


Chapter VII 

Dimensions 

While the statement is paradoxical, it is a fact that the 
secret of understanding the abstruse lies often in a more clear 
realization of the fact that we ought not to have thought we 
un erstood the apparently obvious. The layman is apt to 
picture m his mental museum of specimens of the learned 
a small group of beings who, by much thinking combined 
with some abnormality in their brain development, have 
arrived at a condition in which they understand the fourth 
dmiension. The man in the street can understand two 
dimensions — he can think of a sheet of paper. He can 
understand three dimensions, because he can picture a thing 
^ ength, breadth, and thickness. Sometimes he strains 
his brain to try to picture a fourth. He lets some of the 
three depart mto a kind of shadow in his mind, and tries to 
add somethmg which he can think of as a fourth, and then 
hen he comes back to look at the shadowy three, he finds 

that one of them has evaporated. Then, as he tries to repair 

rnnt fourth takes flight, and he gives up the task. 

There kn' men in this matter. 

viS^ "I® dimensional object in their mental 
of h£i^^ perception. If they are ahead 

tiahtTwV i’ i having removed some of the substan- 
onlv Iw ^ he thinks exists in three dimensions, leaving 

be remnant with which he would 

atisfied, and which, if he were reduced to it, would 
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cause him to think he did not understand even the third 
dimension. To revert again to the simile referred to in the 
first chapter, they have removed the top hat and the gaiters 
from the Archdeacon of three dimensions, so that many 
would not know him although he retains all of his ecclesi- 
astical properties. Stripped in this manner, the Archdeacons 
of four dimensions, six dimensions, and twenty-thousand 
dimensions look not at all out of place in the company of the 
Archdeacon of three dimensions. 

But I think I hear you saying, “All of this palaver about 
I the abstruseness of three dimensions is mere talk.” If you 

' were with me now, you would no doubt direct my attention 

to the stool which I see on the other side of my room, and ‘i 

would remark that it has three dimensions in a very obvious 
sense. And, yet, I am worried, because, to quote again a 
t point of view I have already expressed in an earlier chapter, 

1 I remember that the impression I get of the stool is derived ^ 

from ^wn-dunensional images of it on the retinas of my two If; 

eyes. I am worried, because I know that I see the stool 
upside down, that I see it twice over, and that what the right s, 

eye sees the left-hand side of the brain interprets. My con- 
templation of the stool is really a terribly complicated busi- , ; 

ness. I am still further worried when I recall a certain psy- ji 

chological experiment in which a man made himself see 
I things upside down, for a time, by wearing inverting glasses, 

j In their use, he automatically accommodated his impression 

I of what he saw, so that after wearing the glasses for some 

I time, he saw things the right way up when using them, and, 

! as a matter of fact, found the world turned upside down when 

f he took them off. In the light of all this, you should begin 

to be a little perplexed as to what you are thinking about 
when you think of the three dimensions of the stool. If you 
had been caused to sit here ever since birth, with your hands 
i tied to your sides so that you could not stretch them out 

[ to investigate matters, I doubt whether you would ever have 
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arrived at what you think is your very vivid picture of the 
three dimensionality of the stool. I must rest content if I 
have made you feel uncomfortable about the matter, and 
will pursue this particular aspect of it no further than to 
assure you that I could contrive to add considerably to your 
discomfort were I to go on in the same strain. I have wished 
to throw this visua:! impression into sufficient ill repute so 
that it will not have much authority if it starts to raise ob- 
jections in respect to what will be said later. 

I should like you to imagine yourselves in a room whose 
flat roof is composed of ground glass exposed to the sky. 
Let us suppose that by some suitable optical system outside 
of the room, the images of the heavenly bodies are projected 
on this screen so that you can view them. I wish you to 
imagine, however, that you w’ere born in this room and have 
never been let out of it — that you are quite unaware of the 
outside universe, or that there are any such things as planets 
and stars. These bright dots which you see on the roof must 
be to you simply bright dots about whose origin you know 
nothing, but concernmg whose movements you are interested. 
You can fix the position of one of the dots by giving its dis- 
tance from, let us say, the north edge of the ceiling and from 
the east edge ; and, just as astronomers set up their laws of 
calculation in terms of which they can predict when a comet 
will collide with a planet, so you could set up laws of calcu- 
lation which would enable you to predict when two of these 
bright dots came together. On examining these dots, you 
would find what to you would appear a remarkable fact. 
You would find that, occasionally, when two dots came to- 
gether they simply passed through each other, while in other 
cases the dots, on coming together, would appear to blow up. 
I should say that in the latter case a comet, for example, had 
collided with a planet, while in the former case it had simply 
passed behind the planet. But to you there would be no 
meaning to the word ‘'behind.” The two dots which re- 
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suited in an explosion would appear to you in the same 
category as those which simply passed through each other, 
in all respects which you were willing to designate as those 
associated with position. Of course, I could suggest to you 
that in setting up the calculation of the motion of the dots 
you attach to each three numbers — two which you associ- 
ate with their distances from the edges of the screen and a 
third which you associate with nothing in particular — and 
then set up calculations in which the equality of three pairs 
of numbers was to symbolize a collision, while the equality of 
two pairs was to symbolize only what you had observed as the 
passing of one dot through the other. To me, there would 
be what I call physical meaning to the three numbers. The 
third number would be associated with the height of the 
planet above the roof. The situation of a pair of three 
numbers being equal would be to me an easily understand- 
able collision, and the situation of two numbers being equal 
would symbolize merely an eclipse. To you, however, the 
third nvunber would have no real significance because it 
would fail to fall into the category of the other two numbers 
which you measured in a certain definite way. Of course, 
you will argue that that third dimension which I used was 
actually a real thing which you could have measured with 
a yardstick had you known about it. I suppose I shall 
have to admit that, so far as the yardstick is concerned. I 
wish it were not so ; it spoils my story a little. I could 
formally deny you the yardstick. I could fill all outside 
space, in imagination, with an intense heat which would 
burn up any yardstick. I could even burn it out of your 
imagination in the sense that to postulate its existence 
would be nonsense. However, I suppose I must admit, 
in this particular case, a certain merit in your contention 
as to the alikeness of the third measure to the other two 
in the sense in which you are thinking about it. What I 
wish to maintain, however, is that, in so far as in the process 
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of your calculation you arrived at a magnitude for that 
third quantity, you would certainly never use that third 
scale. You would devise some other way of measuring it, or 
you might not even measure it at all but simply think of it. 
As a matter of fact, even in astronomical activities of our 
experience, the astronomer does not stick scales up into 
the sky and record the positions of the planets. He points 
telescopes at them and measures angles. Even then, he gets 
only two dimensions. In order to get the distance of the 
planet, he has to make two different sets of measurements at 
different parts of the earth’s surface, and the third dimension 
— the distance — is then a matter of calculation founded 
upon measurements having nothing to do with the sticking 
up of scales in the sky. The scales are largely like the top 
hat and gaiters of the Archdeacon. To put the question 
rather bluntly: In this business of the dimensions to be 
attached to our planet, there is 99 per cent of use concerned 
with the fact that m our calculation about the planets we 
have to symbolize them by three numbers, and one per cent 
of little use for any purpose other than that of perpetuating 
in our imagination a certain supposed reality of the measures, 
visualized in terms of something measured with yardsticks. 
And so, in physics, in talking about things we frequently find 
it convenient to describe their behavior by attaching more 
than three numbers to them and then setting up some 
system by which we correlate the numbers with the things 
which we ultimately observe. Thus, to return to the astro- 
nomical problem, suppose that the colors of the planets were 
continually changing as they approached each other, and 
that there was some kind of regularity in the matter. For 
simplicity, let us suppose that at any instant any given planet 
emitted just one wave length of light. Suppose that, in 
addition to the three numbers specifying the position of a 
planet in space, I attached a fourth, symbolizing the wave 
length that it was emitting at the corresponding instant. 
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Then I might be able to relate the rate at which the wave 
length changed to what we call the position and time of the 
planet in question, and to the position and time of all the 
other planets in such a manner that, just as now I can tell 
you where a planet will be a year hence if I am given the 
position and motions of all the planets at some instant, so 
then I could tell you the color of the planet as well as its 
position a year hence if all the colors and positions of the 
planets and their rates of change were given at some instant. 
In such a case, I might speak of the wave length of the light 
emitted by a planet as an extra “dimension,” in the enlarged 
sense of the word as the physicist uses it ; and, this is all that 
the physicist means when he attaches extra, and apparently 
mysterious, dimension to things. 

These extra dimensions frequently make their appearance 
in a manner which may be illustrated by a return to our 
problem concerned with the bright spots of light upon the 
ground-glass roof. Let me forego the part of the discussion 
formerly made, which concerned the occasional occurrence 
or absence of an explosion when two bright dots come to- 
gether, and for the purpose of the present illustration let us 
suppose that the planets could really pass through each other 
in space without damage, just as the bright spots on the 
ground-glass roof could pass through each other without 
damage. Then, even though I should succeed in discussing 
the laws of motion of the spots on the ground-glass roof by 
talking exclusively of their distances from two fixed bound- 
aries of that roof, the discussion made in such a way would 
probably be very complicated. You know very well that I 
should get on much better by discussing the motions of the 
planets in three dimensions and then projecting the picture on 
the ground-glass roof to obtain the story of the motion of the 
bright spots thereon. This would be so even though the 
third dimension had no meaning to me in the popular sense 
of the word. 
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Now, of course, in the foregoing you are adopting the lordly 
attitude that you know all about the thud dimension in the 
problem in question, and that the poor individual who was 
born in the room and had spent all his life therein had had 
the reality of this third dimension concealed from him. Let 
us pause in our complacency, however. Suppose that, in 
your actual world of three-dimensional space, you come 
across some phenomenon in which spots of light, or spots of 
anything for that matter, were found to be moving about 
with some sort of regularity m a plane. To fix our ideas, let 
us suppose that they moved about just as the spots of lights, 
which were the images of the planets, moved about on the 
ground-glass roof, and according to the same laws, but let 
them not in actuality be images of planets but just some 
entirely different entities — insects if you like. To you, 
there would now be no question of a three-dimensional mo- 
tion in the ordinary sense of the term. Suppose, however, 
that you attached artificially to those spots a third dimen- 
sion, a third number, and went through that process of calcu- 
lation which you went through for the planets m three 
dimensions, but with the third dimension playing a rdle 
identical with that played by the vertical dimension in the 
case of the planets. Suppose you then went through the same 
mathematical process with the three dimensions associated 
with the spots that you went through in “projecting” the 
orbits of the planets on the ground-glass plane. It is obvious 
that you would obtaux the law of motion of the spots in the 
plane ; but it is likely that by this artifice of introducing 
the third dimension combined with the artifice of projecting, 
you would have succeeded m describing the relationship be- 
tween the motions of the spots to each other more simply 
than if you had tried to avoid the use of the third dimension. 
The third dimension would be a kind of ghost, a guardian 
angel, as it were, which whispered to you from another 
mathematical universe the story of what you really saw. 
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But I think you will remark, “This is all very well, but I 
object to such intimate associations with the ghost as to 
class him with my friends. I prefer to keep him apart.” 
Very well, you may do so if you like ; but, if you do, you will 
be doing what you would be doing in the case of a human 
ghost if you set him apart, because, although he ate, drank, 
slept, was good company, worked, loved, etc., he lacked one 
rather irrelevant characteristic — let us say, the character- 
istic of having weight. 

But, you may still demur against calling these extra 
quantities dimensions. You may contend that it is at least 
very misleading to give them that name. Well, I will make a 
confession to you : As I have already remarked, science is 
largely concerned with choosing good h3q)otheses, such that, 
when we trace out all the consequences of those hypotheses, 
the seeds, which were the hypotheses, evolve a forest, which 
is the universe. Now, in spelling out the consequences of 
these hypotheses, we do a lot of thinking. Our minds have 
become trained to think in three dimensions ; and, as a 
matter of fact, we see many consequences of laws in three 
dimensions as a result of processes of thinking which are 
not strictly legitimate. We are like the dog to whom I 
referred in the first chapter. We go largely by intuition; 
and, our master, in the shape of our other self follows hard 
on our heels to check our ideas with his cold, impartial logic. 
We all recall how, in our school days, when studying Euclid’s 
geometry, our chief difficulty was to see that many of the 
propositions required any proof at all. The famous fifth 
proposition of the first book involves the proof that the 
angles at the base of an isosceles triangle are equal to 
each other. The result seemed so obvious, and yet when 
it came to proving it, the difi&culty to most of the youth 
of mankind was so great as to earn for that proposition 
the name, “the asses’ bridge.” The first man who ever 
proved it would probably have had a much harder job 
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if he had not had a strong suspicion that it was true be- 
forehand. 

So, in our ordinary three-dimensional problems, there are 
many consequences which we see immediately, or think we 
do; and, in “seeing” them, we make jumps in our reasoning 
which are not absolutely justified. It is not quite for the 
reason we thought them to be true that they really were true. 
However, the reason which actually makes them true is fre- 
quently something which would cause similar results to hold 
in cases where there were many more dimensions in the sense 
in which that term is used. Into these regions our intuition 
will not so readily lead us ; but, that does not matter very 
much. For, when we have seen some mathematical result 
intuitively in three dimensions, we may strip from our 
thoughts the irrelevant things which formed our picture in 
understanding matters in that case ; and, when that is done, 
it frequently happens that the essentials which remain are 
such that we can readily see that the argument would go as 
weU in four, or five, or any number of dimensions. When we 
have solved some problem m three dimensions, and have then 
discarded the pictorial and irrelevant parts of the argument, 
we are in the position of the boy who, in the analogy cited in 
the first chapter, has just come to the conclusion that the 
“redness” which added so vividly to the picture of the ball 
figuring in his problem was really not an essential feature at 
all. 

The Irrelevance of the Association of Dimensions with Actual 
Measures. It will serve us in good stead, particularly in 
connection with the theory of relativity, if I introduce cer- 
tain other considerations to throw still further discredit upon 
the idea of a dimension as something to be measured with a 
yardstick. Let us return once more to astronomy ; and, let 
us first concern ourselves with a comparatively simple prob- 
lem. Let us suppose that we wish to discover a law to pre- 
dict which of the heavenly bodies will collide with one of the 
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others. Suppose I try this way: VENUS, NEPTUNE. 
There is an “E” in each of them; hence they will collide 
some day. You will probably say that I am talking non- 
sense. Well, I am, but, in principle at any rate, not quite as 
arrant nonsense as you may think. It might be possible 
to invent names for the planets such that certain character- 
istics were contained in these names when combmed with 
some law of manipulating the letters m them. Already we 
have referred to this kind of thing in speaking of the Matrix 
Theory of atomic structure. However, the astronomer has 
proceeded otherwise. He has set up in imagination three 
mutually perpendicular planes in space, and he has decided 
to fix the position of a planet in space by attaching to it three 
numbers — x, y, z — which give its perpendicular distances 
from these three planes. Thus, planet number i is denoted 
by, let us say, xi, yi, Si, planet munber 2, by Xz, y^, zo, and so 
on. We shall include the sun among the planets for the 
purpose of the present illustration. Then, the astronomer 
writes down some law, such as Newton’s law of gravitation, 
according to which the mnnbers change with the time. In 
other words, this law determines for him the motion of the 
planet at any instant. This law takes the form of mathe- 
matical equations. In the case of Newton’s law, they are 
equations which give the rate at which the velocity of any 
planet changes with the time in terms of the position of that 
planet and of all the other planets in space. Each planet 
gives rise to three of these equations corresponding to motion 
parallel to the three mutually perpendicular directions. The 
astronomer then proceeds to solve these equations of motion 
as we shall call them. In other words, he endeavors to ascer- 
tain how each of the distances Xi, yi, Zi, Xi, yh, Z2, etc., etc., 
must change with the time in order that his equations of 
motion shall be true. If he says no more about the problem, 
he finds an infinite number of answers. In order to obtain a 
definite answer, he must specify his problem a little more 
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definitely. He must state what the positions of all the planets 
are at some definite time — it matters not what time, so let 
us say &tt — o, and he must also state the velocities at / = o. 
He must, in fact, give at iE = o, the velocities Ux, Vi, wi of the 
planet i, parallel to the axes of Xi, yi, Zi, and the velocities 
M2, of the planet 2, parallel to the three axes, xs, 3)2, 22, 
and so on. Then we know that he will be able to find only 
one set of motions for the planets which will have these 
positions and velocities at / = o and will also agree with his 
equations of motion. Put in other words, if you ask me 
to ferret out of the equation of motion — out of the law of 
gravitation — how twenty planets will move in relation to 
one another, I cannot tell you ; you have not been specific 
enough. If, however, you ask me to work out how the 
planets will move if you throw them into the universe at cer- 
tain points which you specify and with certain velocities 
which you also specify, then I can solve the problem in prin- 
ciple. It would be very hard to solve if we had twenty 
planets. However, we shall suppose that our astronomer is 
a very good mathematician, and that he can solve any 
problem which can be solved at all. If the astronomer 
wishes to find if the ^th planet will ever collide with the 
qth. planet, he will see whether it is possible to find a time 
t, for which 

Xp = X,; yp = y,; Zp = s,. 

If he succeeds in finding such a time, then he knows that the 
two planets in question will collide. If all the collisions 
which the equation of motion predict actually occur, and if 
no more than these occur, we may say that the equations of 
motion represent a law consistent with nature. 

Now, in writing all that I have written above, I have 
stated much that is irrelevant. I have talked of the posi- 
tions of the planets in space, of the times at which they 
occupy those positions, etc., whereas all that I finally wished 
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to concern myself with was the question of which planets 
collided. Let us start again, and, while doing very much 
what we did before, let us encxunber ourselves with as little 
in the way of irrelevant ideas as possible. Our purpose is to 
see how our astronomer is to go about the business of finding 
a law which will predict for him which planets will collide, 
or of testing the validity of some law which has been pro- 
posed. I am supposing that, by some phenomenon such as 
an outburst of light, he can recognize a collision as distinct 
from an eclipse.* 

Let the astronomer write down the equations between 
Xi, yi, Si, X2, ji, Z2, etc., etc., and t which he wrote down before, 
and which we called the equation of motion, but let us defer 
attaching any meaning to these quantities m the sense of their 
giving the positions of the planets in space at certain times. 
It is not necessary for the astronomer to know what the 
quantities in the equations mean in order that he shall be 
able to solve those equations, any more than it is necessary 
for the schoolboy to know what x and y mean when I ask 
him to find y in terms of x from the equation 

-h 2 y -f 3 = X. 

However, in order that the astronomer shall be able to obtain 
a unique solution, it is still necessary for us to give him the 
values of Xi, yi, Zi, X2, y-i, z^, etc., etc., at some specified value 
of ^ — say t = o — and it is also necessary to give him at 
t = o the quantities which in our former problem were the 
velocities parallel to the three axes, but which now do not 
necessarily have that meaning but do still mean the results 
obtained by dividing the very small changes in the respective 
X, y, z numbers by the corresponding small changes of / 
associated with those changes. We shall continue to call 

* The critical reader will realize that if the two planets coalesce in a collision, 
it will be necessary to amplify our discussion to some extent. The point involved 
is not seriously relevant to the discussion, and we shall suppose that the planets 
pass through each other at collision and continue their existence. 
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these quantities «i, vi, wi, th, W2, etc., as before. You may- 
think that now, at least, we must resort to measurement of 
these initial values of *1, yi, Zi, Ui, vi, Wi, etc., etc. But I 
refuse to resort to measurement. I will just guess these 
quantities. I will give the astronomer any numbers which 
come into my head. All he wants in order to go on with his 
calculations is an assignment of these quantities. It is not 
necessary that they have any meaning to him. If he objects 
on the basis of his professional dignity, I will take the cal- 
culations to a pure mathematician and ask him to work them 
out. He, at least, won’t ask me what the quantities mean. 
He will glory in the fact that, possibly, they don’t mean any- 
thmg. And so the pure mathematician gives me a nice table 
setting forth the value of Xi, vi, Zi, X2, y^, Z2, etc., etc., for 
every value of t. Or, possibly, he gives me a formula from 
which I can calculate these quantities. I look through the 
table, or I use the formula to find whether there is any value 
of t for which Xi = x^, yi = y^, Zi = If there is, I shall 
say that the theory predicts that planets i and 2 will collide. 
This is going to be my mathematical criterion for a collision. 
It is going to be part of my theory that this shall be the 
criterion. 7 \nd so, I shall examine the numbers for all of the 
planets in this way. The chances are that the collisions 
predicted will not occur — my theory will be wrong. The 
astronomer will poke his head out of his observatory and 
laugh at my discomfiture. He will tell me it serves me right 
for getting away from realities. However, I shall not be 
downhearted. I shall make another guess at the values of 
Xi, yi, Zi, Ml, Vi, Wi, etc., etc., to be assigned at f = 0, and 
shall go to the pure mathematician and ask him to work out 
the problem again.* I shah go on in this way until I am 

* While I have adopted this idea of guessing the numbers for purposes of popular 
presentation, I need hardly remind the technically trained reader that the initial 
values would be determined by leaving them in the solutions as undetermined con- 
stants which were subsequently to be evaluated by comparison with observations. 
The test of the theory would then be that it continued to give agreement with the 
facts for collisions other than those which had been used to determine the constants. 
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successful in predicting by the law under examination all, 
and only, those collisions which occur. If I am never suc- 
cessful, I shall suspect the equations — the law — which I 
have used, and shall go on trying other equations, until I 
have found some equations and some suitable assignment of 
the numbers at if = o, such as will give me consistency with 
nature in the matter of my predictions. If I can find no 
equations which will work, no matter what numbers I as- 
signed at ^ = o, I shall begin to suspect that, possibly, I 
ought to use not three numbers to associate with each planet 
at every value of t, but four numbers, or five numbers, or 
even more, in order that by the equality of the numbers for 
two planets that phenomenon which I observed as a collision 
may be symbolized. In this connection, we must guard 
against becoming wedded too firmly to the original notion 
of a collision as being that phenomenon which we originally 
thought of as two planets coming together in three-dimen- 
sional space. Thus, this phenomenon which I observe in the 
heavens, and which I am interpreting so naively, may not be 
a motion of bodies at all, but may be more analogous to that 
phenomenon so frequently utilized in advertising signs, in 
which a form marked out by electric lamps is made to appear 
to move along by a suitable lighting up of lamps ahead and 
extinguishing of lamps to the rear. I do not wish to suggest 
that the planets in the heavens are figments of imagination, 
however, or to suggest, as the ancients thought, that they 
are holes m the vault of the sky through which the glories 
of heaven can be seen. I give the problem this degree of 
generality merely for the purpose of illustrating how things 
might go in another field where the phenomena were not so 
simple as with the planets. 

Ho-wever, let us not become too abstruse, but let us return 
to the problem of the planets in three dimensions. You 
might think that I should never be successful in building up 
accord with nature by the process of simply guessing equa- 
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tions and guessing conditions to associate with them at if = o. 
However, I must remind you that success is not impossible. 
For, if I happened to guess the actual numbers which the 
astronomer measures at f = o, and actually to guess the 
Newtonian equations of motion, you know very weU that 
that set of guesses would give me a scheme which would 
make predictions consistent with nature. Now, I feel very 
triumphant, I feel inclined to go around to the astronomer 
and tell him that we have wasted a great deal of money on 
his telescopes and other paraphernalia, and that for his 
impudence m laughing at me we are going to deprive hirp 
of them, since they are not necessary. 

“But,” says the astronomer, “before you take away my 
telescope, remember that my whole busmess is not to content 
myself with making predictions of collisions in the sky. I 
calculate the orbits of the planets; and, if you allow me to 
measure the positions and velocities of the planets now, I 
can calculate just where any planet will be a million years 
hence. I make you a nice nautical almanac for which you 
pay me a lot of money, and how could I produce that if you 
took away my instruments?” Well, even if the astronomer 
could not produce his nautical almanac, let us see how 
far he could go. In order to crystallize our view of the 
matter, let us suppose that the astronomer allows the planets 
to be photographed on a piece of photographic paper which 
becomes blackened when light falls upon it. Then you may 
consider that complete harmony between theory and nature 
has been secured when the theory is such as to be able to 
predict just what points on the photographic paper will 
become blackened, and just when they will be blackened. 
Of course, the astronomer works back from the marks on the 
photographic paper to find what the“positions” of the 
planets are in the sky at any time ; and it is this data that he 
records in the nautical almanac. But this is merely a matter 
of convenience of record. Everything really fundamental is 
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told when the story of what is on the photographic paper is 
told. Let us then examine this story and again see how far 
we can get along without mdkhig measurements in the ordi- 
narily accepted sense of the word. 

Again, let us associate three numbers with each planet in 
the sky, these numbers being denoted by Xi, yi, Si, X2, Za, as 
before. Let us again associate a number t with each planet ; 
and let us again write down those equations which we wrote 
down before, the equations whose solutions expressed the 
relation between the x, y, z, of each planet and the number t. 
As in our last problem, we shall at present refuse to attach 
any “meaning” to these numbers. Now, we must do an- 
other thing. With each set of numbers x, y, z, t, referring to 
a planet in the sky, we must associate four numbers which 
shall refer to the corresponding bright dot which represents 
the image of that planet on the photographic paper. We 
shall denote these image numbers by Xi, Yi, Zi, Ti, X2, Vi, 
Z2, T2, etc., etc. Of course, I need hardly remind you that, 
in practice, the two sets of x, y, z numbers denoted by the 
small letters and the large letters would really be related by 
that geometrical calculation by which we would find the posi- 
tions of the images on the photographic paper in terms of the 
actual positions in the sky, and the T’s would be related to 
the t’s by a formula which took into account the time of prop- 
agation of light from the planets to the photographic paper. 
For this reason, there would be different values of t cor- 
responding to the different planet for the same value of T. 
However, while I will permit you to think of all this for your 
mental comfort, I will ask you to suppress any use which you 
might be tempted to make of it, and to suppose simply that, 
in addition to the equations for the x, y, z, t’s, I assume some 
law by which I get the X, F, Z, T’s from the a:, y, z, t’s 
when I have calculated the latter. Just for the purpose of 
referring to it, I shall call the law m question the law of trans- 
formation. 
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It is now necessary to make definite dots on the photo- 
graphic paper. The silver grains will do ; and it must be our 
purpose to discuss the “collisions” of the images of the 
planets with these silver grains, just as we discussed the 
collisions of the planets in the heavens with each other in the 
problem considered before. We must then attach numbers 
P, Q, R to each of these silver grains, say Pi, Qi, Pi to grain 
number i, Pa, ()a, P2 to grain number 2, etc. Strictly, we 
ought to write down “equations of motion” for these silver 
grains, just as we did for the planets in the sky. We shall, 
however, take the very simple equations Pi = constant, Qi = 
constant. Pi = constant. Pa = constant, = constant, etc. 
If we interpret this in terms of the usual language, it amounts 
to asserting that we are seeking the laws of motion of the 
planets referred to the photographic paper regarded as fixed 
in space. Thus we take fixed sets of those numbers to desig- 
nate the various photographic grains. I particularly wish 
to enforce that, so far, these numbers are not to be obtained 
by any process of measiiremmt of the positions of the grains 
in relation to the edges of the plate. They are simply chosen 
at random. If you like, you can start by counting the 
number of letters in the first three words of page one of 
Dickens’s “Oliver Twist,” and assign those numbers to any 
one of the grains. Then pick out some other grain and assign 
numbers obtained in similar fashion from the second page of 
“ Oliver Twist,” and so on. We are now ready to start. I 
go once more to the pure mathematician. I give him sets of 
numbers for Xi, yi, Zi, Ui, Vi, Wi ; x^, y^, z^, %, V2, etc., etc., 
at i! = o. Again, I insist that I do not give them on the 
basis of measurement. I guess them. Then he wmrks out 
his equations, and gives me every x, y, z for every planet at 
every value of t. I now use my law of transformation, which 
again I have guessed, and by its means, I write down every 
X, F, Z for every bright spot on the photographic paper for 
every value of T. If these values agree with P, Q, R mxxar 
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bers for the grains which have been blackened, I have a 
complete theory * in the sense that I have a way of finding 
by calculation just what silver grain will be affected by each 
of the bright dots. If I am not successful in my first 
attempt, I must try new guesses for the x, y, s, «, v, w num- 
bers at ^ = o, or for the equations, or for the law of trans- 
formation, or for the numbers to be assigned to the photo- 
graphic grains. I need hardly pomt out that the mathe- 
matician can devise ways of getting to the solution of the 
problem, if it has one, without relying entirely upon “guess- 
ing.” He has ways of determinmg the rmknown x, y, %, u, a, 
•w numbers to be assigned at / = o, by forcing agreement with 
calculation for a suitably chosen number of the silver grains. 
Then the truth of the theory is exemplified, if consistency is 
perpetuated to tell correctly the story of the blackening of 
the other grains which have not been used for determining 
the unknown quantities. 

Now we know that it is possible to be successful in finding 
a correct theory ; because, I should certainly be successful if 
I happened to take : 

(1) For my equations, the Newtonian law; 

(2) For my values of Xi, yi, Zi, #i, Vi, Wi ; Xz, y2, Z2, ih, »2, 
etc., etc., at ^ = o, the numbers which the astronomer evalu- 
ates from his observations ; 

(3) For my law of transformation, the law which the 
astronomer would have used to fiind the distances of a 
planetary image from the two perpendicular edges of the 
photographic paper in terms of the position of the correspond- 
ing planet in the sky. This law is, of course, based upon a 
consideration of the geometry and optics of the telescope, the 

* It may occur to some readers that I could force agreement by deferring the 
assignment of the P, 0, P numbers until the X, F, Z numbers had been calculated, 
and then chose the P, Q, R numbers so as to be equal to the X, 1 ? -2' numbers. It 
is easy to see that while I could do this for the orbit of one bright dot, however^ the 
numbers so assigned to the silver grains would not in general fit for the orbit of 
another bright dot whose orbit crossed the first orbit. At least, there would not 
be agreement at the point of intersection. 
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relationship of the photographic paper to the other apparatus, 
and the times taken for light to travel from the planets to the 
photographic paper ; 

(4) For the numbers attached to the grains, the measured 
distances of the grains from the two perpendicular edges of 
the photographic paper. 

Thus again we have seen how we could harness nature to a 
theory which would predict her ways, without resorting to the 
use of measuring rods, or measuring angles, or clocks, or any 
of the allied paraphernalia which we usually regard as funda- 
mental to the whole business. But you will say that we 
imagined a telescope and some photographic paper in the last 
imaginary observations. Yes ! that is true. The purpose 
of all of this was to describe the “orbit” of the planet in 
relation to a set of recognizable marks in our laboratory, the 
photographic grams which we labeled with numbers. We 
will make a compromise with the astronomer. We will leave 
him his telescopes, but we will rub out the graduations on the 
circles associated with them, the circles by which he measures 
the angles at which they are inclined to the vertical, etc. 

But now, you will say there is still something left over. 
The astronomer tells us the time at which the planet is in a 
certain place. I may point out to you that if we go back to 
our calculations, we will observe that we know the value of T 
for which each silver grain became blackened. But you will 
reply that while that is so, you have no guarantee that this T, 
which I have obtained with my number juggling, is the same 
kind of a time that you measure with a clock. I will admit 
the protest. It is quite possible that you are right. How- 
ever, I am a little curious to know what you suspect to be 
wrong with the time T. If you say it is not measured in 
seconds but in units of, say, five seconds, we can soon set that 
right. But I surmise that you will have a more serious ob- 
jection. You will say that you are not certain the times T 
are even proportional to your times. Just as a falling body 
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does not go equal distances in equal times (your times), so 
this T may not progress equal amounts m equal intervals of 
your time. I will agree that that may be so ; but, if you then 
argue that your time is the correct one, because equal inter- 
vals on its scale really mean equal “ durations,” I shall begin 
to protest that you are discriminating unfairly in the matter 
in favor of your own time and against the time T. I shall ask 
you what you mean by “ duration. ’ ’ I shall ask you how you 
judge that your times progress evenly. You will say that 
you judge it by the swing of a pendulum and the pendulum 
always takes the same time to make a swing. But then I 
shall ask you to imagine somebody in another universe, in 
which everything goes on continually faster and faster in 
terms of your scale of time. In particular, suppose that an 
individual in that universe possesses a pendulum which 
swings faster and faster as yours goes on evenly. Would 
not he judge equal intervals of time by his pendulum and so 
conclude that yours was wrong? “No,” you will say, “he 
would know that his intervals were imequal, because if he 
used a clock controlled by such a pendulum, and decided to 
wait three hours between his breakfast and his lunch today, he 
would find that he did not regain his appetite in three hours 
as recorded by that clock a week hence.” But I reply that 
his development of appetite depends upon the progression of 
his digestive processes, and that, if these occurred faster and 
faster every day in terms of your measure of time, the in- 
dividual concerned would get hungry faster and faster, and so 
would get himgry by his clock. I shall not pursue this matter 
further at the moment, since we shall return to it in con- 
nection with the theory of relativity. All that I wish now is 
to have you admit that your clock may not be the standard 
clock of all universes. Having said this., I will permit you 
to bring it into the picture. In order to adapt it conveniently 
to our purpose, we shall imagine it arranged so that its pointer 
stands still and its face rotates. Then we shall shine an 
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image of the face and pointer on the photographic paper, so 
that the end of the pointer crosses one of the silver grains. 
The instant that the grain becomes blackened will correspond 
to some reading of the dial, and this reading you will take. 
You must imagme a system of lenses so arranged that an 
image of the pointer is shone on each silver grain, so that you 
are in a position to record the time of blackening for each 
grain.* Having recorded these times, you will probably 
wish to make certain corrections for the times taken for light 
to travel from the clock to the different parts of the photo- 
graphic film. In these, you will have no S3mpathy from me. 
They are your own affair, and concerned with what you think 
to be the proper way of using your clock to tell the time at a 
place where it is not. Then, again, you may calculate back 
to find what you think is the position of the planet in the sky 
in terms of some measurements given you by the astronomer, 
and you may then “correct” your times for the times taken 
for light to reach you from the planets. In all of this, I refuse 
to accompany you, or at any rate to take any responsibility 
for what you do, unless you will allow me to do a great deal 
more talking about the matter than you will probably wish 
to listen to. I have shown you how you can bring your own 
time into the problem if you wish, and there the matter ends. 
To me, the question of the time of blackening of the silver 
grain is to be talked of in a less metaphysical light. Y ou say, 
“ the photographic grain became blackened at three o’clock.” 
I say that there was a co-incidence between the grain which 
became blackened and the image of the recorder at three. 

Finally, while you may admit that I have succeeded in 
talking of the foregoing problem without an appeal to actual 
measurement with yardsticks and the like, and have wriggled 
out of all of the difficulties, you will say that nobody adopts 
this procedure in practice. And here I beg to differ with you. 

* This procedure, cumbersome ip. actual application, is, of course, only cited to 
relieve us of certain corrections wMch, while trivial in amount, would require a lot 
of explanation for their dismissal. 
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It is exactly such a procedure that we do adopt when we dis- 
cuss such thin gs as electrons in atoms. Not only does no- 
body ever attempt to see an electron with a telescope and 
estimate its position with a yardstick, but we all realize that 
such a procedure would be meaningless. We adopt some 
law, some theory about what is going on, and then we deter- 
mine the electron velocities, or the radii of the electron or- 
bits, etc., as the values which must be assigned to these 
quantities in order that the results following from the 
development of the theory shall agree with actual observa- 
tions at the points at which they can be associated with ob- 
servations. The procedure which we should adopt to obtain 
the position and velocity of an electron at some point in its 
orbit is exactly the procedure which we have outlined above, 
in which we spoke of trying different values for the numbers 
in question until we secured consequences of our theory 
which agreed with the facts. It is true that we use our mathe- 
matical ingenuity to shorten the labor involved in fortuitous 
“guessitig,” but the principle remains the same. We have 
no astronomer looking into the atom with a telescope and 
measuring the position and velocities of the electrons. 

It will be observed that, in associating four numbers with 
the planets in the foregoing discussion, we have, as it were, 
kept three apart from the fourth. The fourth wa's associated 
with the time ; and the other three, with space. In Chapter 
X, and in the theory of relativity, which we shall take up 
next, we shall see how this distinction disappears to a large 
extent in the more sophisticated view which we take of 
Nature in that theory. 


Chapter VIII 

The Restricted Theory of Relativity 

Perhaps no field of abstract thought has ever seized upon 
the popular imagination with such a tenacity as that field 
which has to do with the theory of relativity ; and, perhaps 
no field of thought has given rise to such a remarkable situa- 
tion as that which we find in the popular mental attitude 
towards the theory. We find innumerable beings all worked 
up in a state of mystified mental intoxication in which they 
talk about all things under the sun, under the impression 
that they are talking about the theory of relativity. We 
find one group of people convinced that the theory says that 
everything is relative, that nothing is absolute, and that, 
therefore, it denies the existence of a God. Another, irritated 
by its mental failure to grasp the significance of the theory, 
finds comfort for its humiliation in professing to believe 
that ail who are supposed to understand it are charlatans. 
They hear them talk of “curved space” and other horrible 
things, and look at them in anger as though they regarded 
them as the personification of crooked emptiness. 

The relativist talks about the non-absoluteness of time. 
He develops a logical scheme of thought in which it is possi- 
ble to have one person thinking that two events which he 
observes take place at the same time, while another person 
who also observes the events thinks they take place at dif- 
ferent times. These ideas bring out of the darkness a multi- 
tude of beings who had remained silent before, but whom we 
now find to have been endowed with a secret worship of 
their own mentality. They think that the theory of rela- 
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tivity is all wrong, and that the people who have developed 
it don’t know what they are talking about. When the 
relativist asserts that two persons can logically differ as to 
whether or not two events are simultaneous, they regard 
the statement as absurd. They feel that they have a funda- 
mental conception of space and time which is very real to 
them. They think that the relativist lacks something which 
they have, because they feel it in their bones, and they con- 
clude that it is the lack of this which has confused the poor 
fellow and caused him to get all mixed up. They concoct 
curious conundrums which they present to the relativist to 
catch him and show him the error of his ways. In solving 
the conundrums, the relativist has frequently to destroy a 
few more of their deep-seated convictions which have root 
in their bones and nowhere else. And so the world, tired of 
argument, has gone on, to the anger of some, the boredom 
of others, and the confusion of most men. 

To appeal immediately to our imagination, a theory must 
speak in a language to which we have become accustomed. 
It must accept dogmas and intuitions which our previous 
thinkin g has ingrained in us, alnd it must build us a picture 
in terms of these. Now one of the characteristic features of 
the theory of relativity is its insistence that we trace to their 
logical foundations these very dogmas and intuitions, par- 
ticularly those pertaining to space and time; and, in doing 
this, it disturbs our equanimity with regard to them. It 
shows us that, in order to speak with consistency about 
nature, we must remove from our minds certain ideas about 
space and time which ought never to have been there, and 
leave only as much as is justified by the facts. Unfortu- 
nately, these ideas which we are asked to remove are among 
those which have impressed us most, so that we are left as 
children who, viewing the hotel porter stripped of his medals 
and gold braid, are unwilling to believe that anything about 
him which is tangible remains, or that he can any longer be 
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capable of performmg his functions. But, you may say, 
“ Why strip the porter of his medals if they were a comfort 
to us?” Well, the trouble is that we had got into a stage 
in our thinking in which we had become so impressed by the 
medals and the gold braid that we believed that no porter 
could be a porter at all unless he wore the uniform of our 
establishment. Ours was a real porter. Those in the other 
hotels were only makeshifts unconsciously deceiving the 
patrons of the place as to their qualifications for portership 
by doing everything that a porter should do. Now we 
might have continued to enjoy the satisfaction of this view- 
point had we not entered into conversation with one of the 
guests in the other hotel and found that he was as convinced 
of the authenticity of his porter as we were of ours, and not 
only this, but that he was able to claim for the action of his 
man every relevant thing that we could claim for ours. 
With this state of affairs, we are brought to the sad necessity 
of asking ourselves what a porter is, anyhow, and are reluc- 
tantly compelled to admit that the gold braid is not an es- 
sential feature. And so, as we shall see, it will turn out 
that some of those things which we have thought about 
space and time are the medals and gold braid of our porter. 

The theory of relativity had its origin in attempts to de- 
termine what was spoken of as the earth’s absolute motion 
in space. There is no difficulty in determining our motion 
relative to one of the stars, for example ; but, that tells us 
nothing about the earth’s absolute motion if we do not know 
the velocity of the star. The question which arose was 
this: Suppose that we shut ourselves up in our laboratory 
so that we cannot see outside. Is there any possible experi- 
ment which we can do in that laboratory which will tell us 
whether we are or are not in uniform rectilinear motion 
through space, and if we are in motion, what our velocity is ? 

I can perhaps illustrate some of the ideas involved by an 
appeal to Fig. lo. Suppose that S represents a boat which 
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can sail along a river in the direction of the arrow. Suppose 
that to the prow of the boat we attach two poles of equal 
length, one parallel to the length of the boat, and the other 
perpendicular thereto, and suppose that to the end of each 
pole we attach a board which dips into the water. If we 
drop a stone from the prow of the boat into the water, ripples 
will travel out, will be reflected by the boards and will return. 



If the boat is at rest with reference to the river, the waves will 
return in step, in view of the equality in the length of the 
poles. If, however, the boat is in motion in the direction 
of the arrow, the time taken for a wavelet to travel from the 
prow of the boat to the board A will be increased, because 
the board will move on as the waves travel towards it. On 
the other hand, the time of the return journey will be short- 
ened, since the boat advances to meet the returning wave. 
It is a comparatively easy matter to show that the loss of 
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time on the outward journey of the ripples is greater than 
the gain of time on the return journey, so that, on the whole, 
the time taken by a ripple to leave the prow of the boat, 
strike the board A and return, is increased by the motion 
of the boat. It is further a matter of simple calculation 
to show that the waves which travel out to the board B and 
retmrn are delayed by the motion of the boat. It turns out, 
however, that they are delayed less than those which travel 
the path OA and back, so that if the ripples from the boards 
A and B return in step when the boat is at rest, they will no 
longer return in step when the boat is in motion. Moreover, 
if, keeping the poles at right angles to each other, we were 
gradually to turn the boat across stream, we should find 
that the amounts by which the two pairs of waves were out 
of step would alter ; and, indeed, if we had no other way of 
determining the velocity of the boat, we could calculate 
that velocity from a measurement of the alteration of the 
retardation of the two trains of wavelets as the boat with 
its two poles was turned through a right angle. 

Now, using mirrors and light waves. Professors Michelson 
and Morley performed an experiment exactly analogous to 
this, in an attempt to measure the earth’s velocity through 
that ether which the physics of the last decade had urged 
us to regard as pervading all space, serving as a medium for 
the transmission of light and gravitation. 

The result of the experiment was regarded as just what 
might have been anticipated if the earth had been at rest in 
the ether.* No retardation of one set of waves over the 
other was foxmd. The assumption that the earth is at rest 
at all times of the year is, however, untenable since it moves 
around the sun. If in the case of the experiment with the 

* I must here refer, however, to Professor D. C. Miller’s later very careful and 
exhaustive experiments from which he claims a positive result, and to those of Dr, 
St. John and others who claim negative results. It is not my purpose to discuss 
here the merits of these various experiments. At the moment I am concerned 
simply with tracing the historical development of the theory of relativity. 
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boat we had found a similar result and had been unwilling to 
assmne that the boat was at rest, we could have got over 
the difficulty by supposing that the river was in motion, so 
that it carried the waves along with it, and that there was 
no relative motion between the boat and the river, the 
former simply drifting along with the latter. From an as- 
tronomical point of view, however, there are grave difficul- 
ties in supposing an ether which moves along with the earth, 
difficulties so great as practically to have ruled this possi- 
bility out of court. If in the case of a corresponding result 
with the boat we had been imwilling to admit that the 
stream was in motion, there would be onty one way out of 
the dilemma. We could say that the anticipated loss of 
time by the waves which traveled the distance OA and back 
was just compensated by the pole OA being slightly shorter 
than the pole OB. You will answer, however, that we made 
these poles of equal length. I reply to this by inquiring 
just what we did when we made them of equal length. We 
set them side by side as at C, Fig. lo ; and then took a saw 
and cut right across the two at two places. Suppose, how- 
ever, that on turnmg the rod OA from the direction indi- 
cated at C to one parallel to the direction of the velocity it 
became slightly shortened, and on turning the rod OB until 
its length was perpendicular to the velocity it became slightly 
lengthened, then the poles when attached to the boat in 
the manner shown in Fig. lo would no longer be of equal 
length. If everything participated in this shortening and 
lengthening we should have no way of becoming conscious 
of it. We could not ascertain the difference in length of the 
two rods OA and OB by means of a measuring scale, because 
the scale also would experience change in its dimensions as 
it was turned around. 

Such then was the assumption made by Fitzgerald and 
Lorentz to account for the Michelson and Morley experi- 
ment, the assumption that the rod is shorter when its length 
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is parallel to the line of motion than when it is perpendicu- 
lar thereto. Drastic as such an assumption may appear at 
first sight, it becomes much less artificial when taken in the 
light of modern views as to the electrical constitution of 
matter. For we know that the electric forces between 
charges are altered by motion ; and, if the forces of cohesion 
which hold the particles of a rod together are of an electrical 
nature, it is not astonishing that they should alter, and 
that the dimensions of a body should change as a result of 
motion. 

Several experiments other than the Michelson and Morley 
experiment have been performed with the object of deter- 
mining the earth’s absolute velocity ; but, with the excep- 
tion of those of Prof. D. C. Miller, they have all failed to 
reveal such a velocity, or indeed to reveal the slightest effect 
as a result of that change in velocity which we know the 
earth must experience since it moves in an orbit around the 
sun. 

Now when reading for the first time the above remarks 
concerning the shortening of a rod on turning it aroimd, 
and when reading further of the corresponding change in 
the measuring rod and of everything else so as to conceal 
that shortening, many will experience an alarming feeling of 
doubt as to where we stand with regard to the “correctness” 
of our measures. If some of them are altered from what 
they might have been under other conditions, but in such a 
manner that no test can record that anything has happened 
to them, which are right and which are wrong? Our eyes 
having been opened to the necessity of careful thinking 
about these questions in the matter of lengths, we begin to 
wonder whether similar difficulties may not arise in the 
matter of the measurement of time. We have a certain 
consciousness of knowing what we mean by the statement 
that two events happen at different places at the same time. 
If somebody asked us to say what we meant by the state- 
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ment, we should probably think of two clocks nm located at 
the respective places A and 5, but which had been adjusted 
so as to “ go alike” when they stood side by side at one place, 
say A. However, in view of the fact that I have been led 
to think of rods as altering their dimensions when they have 
velocity imparted to them, I am led to wonder whether some- 
thing may have happened to the clock when it was moved 
from A to B. You will say, we will settle that very easily by 
having a telescope at A and looking at the clock at B through 
the telescope. Then the clocks will be considered to “go to- 
gether” if the one seen through the telescope reads the same 
as the other. But then I begin to wonder whether they ought 
to “look alike” if they really are alike, since on account of 
the velocity of light I see the clock at B not as it is now, but 
as it was a little while ago. You will say, “correct the read- 
ing for the velocity of light.” But then I don’t know how to 
do this, because the mid-Victorian section of my mind tells 
me that if the earth is moving through space, let us say, in the 
direction from A to B,1 ought to allow for that motion, I 
ought to subtract the velocity of the earth from the velocity 
of light in order to obtain a “ corrected ” velocity of light rela- 
tive to the earth, which velocity I can then use to determine 
how to interpret the readings of the clock B as taken through 
the telescope. But I am worried again, because I don’t 
know what the velocity of the earth in space is, or whether 
there is any meaning to the velocity of the earth in space. 
All the experiments which set out to determine this velocity 
seemed, as it were, ashamed of it, and contrived somehow 
or other to conceal it from us. The velocity of the earth in 
space was like the bogey man — always quoted but never 
revealed. It was an endeavor to determine the earth’s 
velocity in space which led to aU the trouble we find our- 
selves in at the moment in an attempt to understand what 
we are talking about when we speak about true lengths, 
true times, etc. 
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The foregoing represents the state of mind which we were 
in, about 1905. We were like a lot of school boys working 
at a problem and all getting slightly different results, because ' 

we were doing the problem in different ways and were some- 
w'hat uncertain about what the problem really was. It was 
then that Einstein, the “top boy” of the class, decided to 
clean his slate and start again. 

We shall not follow exactly the procedure adopted by 
Einstein, but shall modify it in certain irrelevant respects, 
for the sake of simplicity. It will suffice to say that most 
of the optical experiments whose failure to give the result r 

expected in mid-Victorian physics actually afforded a result 
which might be explained if we could believe one thing. It 
was necessary to believe that two observers traveling rela- 
tively to each other with a constant velocity v would obtain 1 

the same value for the velocity of light when they both 
made measurements on the same light pulse and, inciden- 
tally, that they would obtain the same value for the velocity 
in all directions. Let us look into this matter a little more 
carefully and see what it means, and what it implies. i 

Suppose that one observer who, for the time being, we f 

shall call the stationary observer sets up a number of clocks i 

at different points of space, and provides himself with a 
long scale with which to measure distances. I shall indicate 
theapparatusofthisobserverbylightlinesinFig.il. You f 

are naturally suspicious already, owing to the drastic nature 
of my premises in supposing the observer to be able to do 
this. How can he stick long scales into the sky and suspend I 

clocks in mid air ? True ! I admit the objection. When I f 

speak of these clocks and scales, I simply use them in a sym- , 

bolic sense. AU I wish to imply is that the observer has 
some way of assigning a position and time to an event which 
happens in his surroundings. I want to commit myself as 
little as possible concerning the way in which the position 
and times are to be determined, and simply ask you to sup- 
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pose that the observer has some way of determining what he 
calls position and time for an event ; and I symbolize this 
by supposing him provided with scales and clocks which 
record these measurements in the manner which he regards 
as satisfactory. As a matter of fact, the position of an event 
will in general be specified, not by the measurement pro- 
vided by a sin- 


/ 



gle scale, but 
by three sets 
of scales, ar- 
ranged mutu- /' 
ally perpendic- ^ 
ular to each / 
other, one read- / 
ing, let us say, | 

X, the other y, ^ 
and the third ^ 
z. One more \ 
digression be- 
fore we pro- 
ceed : Why do 
I speak of an 
event rather 
than a point? 

Why do I not 

say, “Let us suppose the observer has a means of as- 
signing a position and time to a point in space?” The 
reason is that I want to compare the observations of our 
stationary observer with those of an observer moving rela- 
tively to him. The observers must have something which 
they can both recognize as the thing to which to attach 
their measures of x, y, z, and If two particles collide, 
they can both recognize the collision as an event, and 
each observer can attach his own measures of space and 
time to that event. If a flash of light renders a point of 


Zr 

Fig. II 
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j matter (a mark on a scale, for example) momentarily lumi- 

i nous, both observers can recognize that event, and attach 

} their own measures of time and space to it. If, however, 

one observer sees a planet in the sky and measures its posi- 
' tion at what he calls some instant, and the other observer 

measures its position at what he calls some instant, there 
is no basis on which the two sets of measures may be com- 
pared. When each observer observes an event — a collision, 
i or an explosion, or something recognizable by each as a 

definite phenomenon — then there is something for which 
they can compare their measures of space and time. 

I To resume then, we shall suppose that our “stationary 

observer” has some way of measuring what he regards as 
! the position and time of an event, and this fact we symbolize 

I by saying that he is provided with scales and a plentiful 

' supply of clocks. Let us suppose that a match is struck at 

0. This is an event, and suppose that the clock at 0 records 
the time h, and the scale at 0 records the mark zero. Sup- 
pose the observer observes when some mark P along the 
scale becomes lummous. The act of this mark becoming 
luminous is an event. Let us suppose that the scale reading 
of this mark is L, and that the clock at P records for the 
event the time U. Then the observer will say that the 
velocity of the light is 

L-0 
h- k 

Let us suppose that our observer finds the same value for 
this velocity whatever the direction of the scale. Let us 
now inquire as to the interpretation of this story by some 
other observer who moves relatively to the stationary ob- 
server with a velocity v. We shall symbolize the fact that 
this observer is also able to measure position and time for 
an event by saying that he also is provided with scales and 
clocks. These we shall indicate by dark lines in Fig. ii. 
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Now let us see what would happen if the scales and clocks 
of the moving observer read the same as those of the fixed 
observer. By this I mean, as regards the clocks, that we 
are to suppose that if a clock of the moving observer is to 
be found coinciding with a clock of the fixed observer at 
any instant, the two clocks will read the same while super- 
posed. I must be a little more careful as regards the scales. 
Suppose that the scales of the moving observer existed orig- 
inally as duplicates of those of the fixed observer, lying at 
rest on the top of the scales of the fixed observer, and coin- 
ciding with them point for point and number for number. 
Suppose then at some instant we impart to each of the points 
of these duplicate scales a constant velocity v parallel to the 
direction of motion we are considering. All the duplicate 
scales will now be moving along with a constant velocity, 
each one as seen by the fixed observer remaining continually 
parallel to its counterpart with which it originally coincided. 
If any one of the moving scales is found to coincide with 
one of the fixed scales for an instant as it passed by, it 
shall correspond in its readings, mark for mark. This 
is to be the meaning we attach to the scales reading alike. 
Let us then suppose that the moving observer is provided 
with such scales. Let us suppose that a scale of the moving 
observer coincided momentarily with the scale OP of the 
fixed observer at the time h when the light signal was sent 
out from 0. By the time h that the light has reached the 
point P on the fixed scale, however, the moving scale will 
have moved to the position shown by OiB. We have sup- 
posed that the light has gone out as a spherical pulse as 
observed by the fixed observer, so that we know that it will 
cross the dark scale in the position shown at the time fc as 
recorded by the fixed observer, and so at the time h as re- 
corded by the moving observer, since we have supposed 
the moving observer’s clocks to read the same as those of 
the fixed observer. It is obvious that the reading B on the 
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moving observer’s scale will be less than the reading P on 
the fixed observer’s scale. Thus, if the moving observer 
measures the velocity of light by observing the time ti when 
the light starts at one end of his scale, and the time U when 
it passes some other mark on his scale, and then divides the 
difference of the scale readings by the time h. — k, he will 
obtain for the velocity of light a value different from that 
which would be obtained by the fixed observer. If in prac- 
tice he finds the same value, then we must conclude that either 
his scales or his clocks or both read differently from those of the 
fixed observer. 

You are probably thinking that, in the foregoing illus- 
tration, the moving observer reaUy made a mistake in his 
measurements — that he was very naive and foolish in not 
“allowing” for the motion of his scale. You may feel that 
he really ought to have tried to measure the distance OB 
instead of OiB. The point is, however, that when the ob- 
server uses his clocks and scales in the “naive” sense, he 
gets the same value for the velocity of light as was obtained 
by the fixed observer. You object to his having failed to 
use his brains, but nature evidently believes that too much 
thinking is bad for him and has arranged things so that he 
doesn’t have to use his brains. In fact, she confuses him 
if he uses his brains. And so we are left with the necessity 
of assuming that the moving observer’s scales or clocks or 
both must differ in their readings from those of the fixed 
observer. Now Einstein found “how” the scales and clocks 
of the moving observer must be related in their readings to 
the scales and clocks of the fixed observer if both are to 
obtain the same value for the velocity of light when carry- 
ing out their measurements in the straightforward, naive 
manner, without making any corrections for what either of 
them might think to be his velocity in space. 

We have already referred to the well-known principle of 
fixing a point in space by giving its distance from three 
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mutually perpendicular planes — for example, from two 
walls of a room and from the floor. This is a more “ com- 
plete” way of specifying its position than by measuring its 
distance from a fixed point, since, for a given distazice it 
may lie anywhere on a sphere about the fixed point. It is, 
of course, always possible to express the distance between two 
points in terms of the differences of their distances from three 
mutally perpendicular planes. What Einstein found was 
this : suppose that, in terms of the measures of the fixed ob- 
server, X, y, and z are the distances of an event from three 
mutually perpendicular planes and I the time of the event, 
and that x', y', s', andi' are the corresponding measures for 
the event in terms of the measurements of the movmg ob- 
server. Then, if both observers are to measure the same 
value for the velocity of light in the foregoing sense, these 
measures of the fixed and moving observers must be related 
in the manner specified by 
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where the velocity v of the moving observer is supposed 
to be parallel to the x direction, and c is the velocity of 
light. 

No explanation of why there should be any difference 
between the measures of the fixed and moving observers is 
given. Einstein simply set out to find what the difference 
would have to be in order to provide for agreement with the 
experimental results. 

Now the above four equations are about as innocent ha 
appearance as we could wish ; and, yet, ha view of our firmly 
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ingrained feelings about space and time, they lead to what 
appear at first sight to be very astonishing conclusions. I 
sball not dissect out these conclusions in detail, but shall 
content myself with stating them. It is obvious that since 
these equations tell us how the measures of the fixed observer 
are related to those of the moving observer, they tell us how 
the moving observer’s yardstick would appear to the fixed 
observer, and how the moving observer’s clocks would 
appear to the fixed observer. It turns out, as anyone with 
a high-school knovdedge of algebra will see in a moment, 
that they tell us that, if the moving observer’s scale stands 
with its length perpendicular to the direction of motion, the 
fixed observer, on measuring it, will find it of the correct 
length. If, however, it stands parallel to the direction of 
motion, the fixed observer will find it too short. Moreover, 
in terms of the clocks of the fixed observer, the clocks of the 
moving observer will all go too slow, and not only this but 
they will be out of step with each other to extents which are 
greater and greater as we proceed along a line which is 
parallel to the motion. The shortening for a relative veloc- 
ity equal to that of the earth in its orbit only amoimts to 
about 6 centimeters on the diameter of the earth, and the 
movmg clocks lose only one second in three years ; but, for a 
velocity equal to that of light, the scales would become in- 
finitely short and the clocks infinitely slow. 

Of course, if we should regard these changes in the clocks 
and scales as changes brought about by the relative motion, 
and characteristic of all matter, the moving observer would 
not realize the great shortening, for any scale which he used 
to test matters with would suffer the same contraction. 
The scale would not even appear short to him, because what 
he sees is determined by the image on the retina of his eye, 
and every little detail of structure of his retina would have 
suffered the same contraction, so that the images of the 
various parts of his scale would fall on the same parts of his 
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retina as if everything were at rest. He would not appre- 
ciate the slowness of his clocks. For, any clock which he 
used to test matters with would go slow in just the same 
way. Even if, on account of the slowness of his clocks, he 
had to wait a thousand years between his breakfast and his 
limch, he would not know it. He would not feel any great 
hunger, because, in the ultimate nature of things, hunger is 
determined by the progression of the digestive processes, and 
these would take place very slowly in corresponding propor- 
tion. As Sir Arthur Eddington has remarked, “Herein is 
to be found the secret of perpetual youth” ; for, if you 
should cruise about in space with a velocity comparable with 
that of light, everything would go on with extreme slowness 
in terms of the standards of those who remain on terra firma. 
Having started after breakfast, you would return in what 
appeared to you time for lunch, only to find that millions of 
years had passed away. Of course, your long life would 
give you no particular satisfaction since you would know 
nothing about it while you were on that cruise. If there 
be some distant solar system which is moving relatively 
to ours with a velocity comparable with that of light, 
and an astronomer there who can peer into this room, 
he, or his great-grandchildren, must have come to the con- 
clusion that I have taken thousands of years to write this 
paragraph. 

A few curious paradoxes are sometimes cited m relation 
to the theory of relativity. I have said that if one, whom 
I have called the “fixed observer,” should measure the scale 
of the moving observer, he would find it too short. You 
might naturally conclude that if the moving observer should 
measure the scale of the fixed observer, he would find it too 
long. This is not so, however ; he would find it too short 
also. When you make this statement to the layman, he 
either becomes consumed with a sudden anger and says the 
thing is aU nonsense, or he looks at you with a fearful sus- 
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pidon, and tries to make a hurried escape as politely as he 
can. In order, therefore, to reassure you, I should like to 
explain just how this strange result comes about. Let me 
ask you to place yourself in the position of the fixed observer, 
and to imagine that the scales and clocks drawn in thin 
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Fig. 12 

lines in Fig. 12 belong to you, and that it is your intention 
to measure the other scale which, together with myself, shall 
be supposed in motion in the direction of the arrow IF. 
Referring to Fig. 12 A, what you do when you measure my 
scale is this: You read the left-hand end when your clock 
there points to a certain mark, and you find it zero. You 
read the right-hand end when your clock there stands at 
the same mark, and you find it 8 , so you say the length of 





The Restricted Theory of Relativity 291 

my scale is 8 — o = 8. However, I shall disagree with yom 
measurement entirely. For, in terms of my clocks, which 
are represented by thick circles, you have not read both 
ends of the scale at the same time. Now let me proceed to 
measure your scale in a manner which is to me correct. I 
shall read the left-hand end when the hand of that one of 
my clocks which is there stands at the position shown in 
Fig. 12 A and shall call it zero. In terms of my clocks, and 
of my intuition also, it is not yet time to read the other end 
of the scale, for my clock there is not ready. You will think 
I am delaying my reading, but I do not think so, and finally, 
when I do take the reading of that end of your scale, with 
my clock-hand standing at what I consider its proper posi- 
tion, the situation will be that represented in Fig. 12 B, and 
I find that the division 10 of your scale stands at my 8, so 
that, subtracting my two readings, I shall find, for the 
length of your scale, the value 8 — 0, and to me your scale 
is as much shorter than mine as you found mine shorter 
than yours. 

The apparent paradox which exists as regards measure- 
ments of length exists also as regards the measurement of 
time. The resting observer regards the moving observer’s 
clocks as going too slow ; but, when everything is considered 
properly, the moving observer regards the resting observer’s 
clocks as going too slow also. In fact, it turns out that there 
is a complete parallelism between the opinions of the two 
observers. 

I may refer to one more apparent paradox. Suppose A, 
Fig. 13, is a body which we may think of as at rest, and that 
B is an airplane moving to the right with a velocity which 
ah observer on A measures as 186,000 miles per second, the 
velocity of light. Suppose also that C is an airplane moving 
to the left with a velocity which the observer on A measures 
as 186,000 miles per second. We might expect that if we 
could stahd on C and measure the velocity of B, we should 


292 The Architecture of the Universe 


fin d twice 186,000 miles per second; but, this would not 
be so. We should find once 186,000 miles per second. 
What is the solution of this paradox? Well, when I spoke 
of the velocity of B being 186,000 miles per second, you will 
recall that I emphasized that this was the velocity as mea- 
sured by an observer on A. Now if we are on C, we shall 
entirely disagree with the measurement of the observer on 
A, for he is moving relatively to us with a very high velocity. 



186,000 MILES/3SC. 186.000 lOXiSAEC, 

Fig. 13 


We shall say that the body B is not moving relatively to him 
at all, and that the only reason he thinks it is, is that he has 
measured its velocity with a scale which is infinitely short, 
and clocks which run infinitely slow, so that he has got a 
doubly infinitely wrong result. 

Now in addition to optical experiments, many other ex- 
periments were tried in an endeavor to make the earth reveal 
an absolute velocity in space. Thus, when it was surmised 
that a piece of matter might contract in the direction of its 
motion, when it was in motion, it occurred to Professor 
Trouton that in so far as the electrical resistance offered by 
a wire to the flow of current increased with the increase of its 
length and decreased with increase of its cross-sectional 
area, the resistance of such a wire should depend upon its 
orientation in relation to the earth’s motion. Thus, if the 
wire is initially oriented with its length perpendicular to the 
direction of motion and is then turned through a right angle, 
its length would be diminished and its cross-sectional area 
would be increased by turning, so that on both accounts we 
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might expect the electrical resistance to be diminished. No 
change in resistance was observed on turning such a wire 
around into different positions. We then are driven to con- 
clude that turning the wire around must have had some 
effect on the power of the wire to conduct electricity other 
than that inherent in its mere dimensions. The electrons 
must have found it harder to travel along the length of the 
wire when by so doing they traveled parallel to the velocity 
of the system than when they traveled perpendicular thereto. 
The fundamental laws of conduction of electricity must have 
been such as to have provided for this. Taking into accoimt 
this experiment and several others of an analogous kind, 
Einstein summed up the conclusions of all of them by postu- 
lating that the laws of nature as regards ail phenomena were 
such as to ensure that the same alterations of measuring 
systems, as a result of motion, which served to conceal from 
us any effect of our absolute motion in relation to measure- 
ments having to do with the velocity of light, would also 
conceal from us any effects of that motion as regards any 
other types of experiments. The value of this principle as a 
working guide in spelling out nature’s laws is this : Suppose 
somebody proposes a theory of some phenomenon- — gravi- 
tation, for example, or a theory of the atom — and suppose 
we find that if that theory were true it would be possible to 
arrange an experiment which would detect an absolute 
velocity for the ea’rth. Then, if we believe the theory of 
relativity, we shall conclude that the theory of gravitation, 
or of the atom, must be wrong. If we don’t believe the theory 
of relativity, we shall probably try the experiment. If we 
have no better success than has been secured by practically 
everyone else who has tried such experiments, we shall place 
more weight on the predictions of the theory of relativity 
next time it warns us. You see, the theory of relativity 
serves as a sort of supreme court to which we may present 
our proposed theories, our proposed laws of nature, for vali- 
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dation. The theory of relativity cannot, in general, dis- 
cover the laws for us, but it can act as a useful guide in 
helping us to our choice. 

The ^‘Correctness” of One Set of Measures as Distinct front 
Another. In the foregoing, we have arbitrarily spoken of the 
fixed system and of the moving system. We started out by 
thinking of the measures of the fixed observer and have dis- 
cussed the measures of the moving observer in relation to 
them. We have probably adopted an attitude of mind in 
which we have thought of one of these sets of measures of 
space and time as “correct” and the other as fundamentally 
incorrect, in spite of the fact that nature has conspired to 
conceal the incorrectness. Owing to that unconscious 
tendency of everyone to think that he is right and that if 
anyone is wrong it is the other fellow, we have probably 
pictured ourselves as in the position of the observer whom 
we have arbitrarily spoken of as at rest and who was in 
possession of the “correct” scales and clocks ; and, we have 
probably thought this, forgetful of the fact that, even in 
terms of the old way of looking at things, we are flying 
through space at a velocity of about eighteen miles per 
second. However, the theory of relativity takes upon 
itself the denial of the attitude that there is any meaning 
to the statement that one observer’s set of measures is fim- 
damentaUy correct while the other set is fundamentally 
wrong. Let us examine the basis of this denial. Equations 
(i)-(4) tell us how to find what position and time the moving 
observer would assign to an event in terms of the position 
and time assigned by the stationary observer. It is quite 
easy, however, to dissect out of them the reverse story, and 
find what position and time the stationary observer would 
assign to an event in terms of the position and time 
assigned by the moving observer. For those who have 
the slightest acquaintance with algebra, it will readily be 
seen that 
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If one is not acquainted with algebra, he must accept the 
statement which I proceed to make and which is immediately 
obvious from the above equations. Suppose A is the station- 
ary observer and B the moving observer. If we calculate 
in what respect B’s measurements seem wrong to A, and 
then calculate in what respect ^’s measurements seem wrong 
to B, we shall find that J.’s measures seem wrong to B in 
exactly the same kind of way that B’s measures seem wrong 
to A. We have already had examples of this. A thinks B’s 
scales are too short, but B thinks J.’s scales are too short. 
A thinks B’s clocks run too slow, but B thinks that 4’s 
clocks run too slow. There is nothing which A can do in 
the way of testing the measures of B with his own, with the 
object of showing that B’s measures are wrong, that B can- 
not do to show that ^’s are wrong. Moreover, there is 
nothing that A can do in the way of testing the measures of 
B with his own to show that B is in motion with a velocity 

V that B cannot do to show that A is in motion with a velocity 

V in the opposite direction. Moreover, m view of the ex- 
tension of the principle of relativity to cover all the laws of 
nature, there is no experiment of any kind which A can do to 
prove that his measurements are right and B’s are wrong, 
or that he is at rest and B is not, that B cannot do to prove 
that his (B’s) measurements are right and ^’s are wrong, or 
that he is at rest and A is not. The whole meaning of the 
statement, that one set of measurements is right and the 
other wrong, evaporates. Both sets are right. You must 
avoid thinking that this statement is self-contradictory. If 
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you think that there is meaning to the statement that only 
one set of measures can be “right,” just ask yourself with 
absolute honesty what you mean by the word “ right.” And 
one word more : You must not think that B, for example, is 
in the position that he uses scales and clocks 'which he knows 
in his heart are false, while A’s are correct. Both A and B, 
deriving as they do their information about their measures 
from their actual use, will feel each in his heart of hearts 
that his particular measures are correct, and he will feel 
rightly so. All that remains of the velocity of the systems 
is the relative velocity. A can say that B moves relatively 
to him, and B can say that A moves relatively to him, but 
if there be any claim which A thinks he can make to show 
that he is absolutely at rest and B is moving, the claim is 
false ; for, B could make the same clahn to show that he (B) 
is at rest and A is moving. 

In spite of all that I have said in the foregoing, there may 
still be many who will exclaim, “ Surely, this must be non- 
sense ; for, what is this infidel talking about when he says 
there is no absolute length and no absolute time. I know 
in my bones that these things exist. I may not be able to 
say exactly what I mean by them, but I know they are 
there.” I have met many people who have talked this way. 
I sometimes think they feel that they have an intuition 
about this matter which is denied to other mortals, and 
particularly to the man they are talking to. They rather 
pity him for not feeling this comdction of absoluteness. 
They regard him as a musician regards one who sees nothing 
in the music of Beethoven. If there be any such who read 
this book, will they believe me when I assure them that the 
relativist has had those very feelings of which they think he 
was never conscious. He knows them very well indeed. He 
has dwelt with them and worked with them. He has fought 
for many years to find some way in which they might be made 
to live, and only when he found that their home was not in 
our pniverse, at any rate, did he reluctantly let them go. 


Chapter IX 

The General Theory of Relativity 

Before our minds had become disciplined to the critical 
state engendered by the theory of relativity, many of us 
had lived in the belief that there was a meaning to absolute 
length, absolute time, in the sense that there was one set of 
measures which had that characteristic and only one. If 
another set of measures differed from this one, it was to be 
regarded as “wrong,” and in need of some kind of correc- 
tion. The theory of relativity which we have discussed so 
far, i.e., the restricted theory of relativity, has taught us 
that, if there is one set which is “right,” there is an infinite 
number of others which have an equal claim to be right, each 
one corresponding to the measures which would be used by 
some person traveling with some uniform velocity relatively 
to the first-named person. All of these infinitely many sets 
of measures have one feature in common. If any one of the 
observers, say A, looked at the measures of some other 
observer B, he would at least agree that what B called a 
straight line he would call a straight line. If one observer 
saw a particle which moved, in terms of his measures, in a 
straight line with a constant velocity, the other observer 
would agree that it moved in a straight line with a constant 
velocity. The velocity would be different and the inclination 
of the line would be different for each, but both would agree 
as to the straightness of the line and as to the uniformity of 
the velocity. Now it is possible to think of sets of measures 
which are related to those of the observer A in all sorts of 
ways which do not come under the same kind of head as that 
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wHch comprised the measures of B or of any other observer 
who moved relatively to B with constant velocity. We can 
imagine an observer who uses measuring rods which are 
crooked m terms of the measuring rods of You will 
immediately be inclined to say that such measures would 
be erroneous. But, when we look into the matter more 
closely, we find that they do not merit such drastic criticism 
as we may at first sight suppose. Or, to put the matter in 
another way, the measures which we may have supposed to 
be “right” have really no fundamental prestige or superiority 
over them. This view opened up quite a new aspect in 
relation to many other things, and, in particular, in relation 
to the “force” of gravitation. 

Let me remind you again of what the physicist means 
when he speaks of a “law of nature,” and let us illustrate 
our remarks by Newton’s law of gravitation. That law 
teUs us how the planets will move provided that you give 
their positions and velocities at some mstant. The law is 
in the form of a set of mathematical equations — the equa- 
tions which we have called the equations of motion. Pro- 
vided that you specify the system (positions and velocities) 
at some instant, the general law tells you how the system 
will go on. If you ask the law how a planet moves, it cannot 
tell you without more information being given. If, however, 
you say that at a certain instant the planet is in such and such 
a position and has such and such a velocity, and if you also 
specify the positions and velocities of all the other heavenly 
bodies, then the law can complete the story, not only for 
the planet in question, but for all the bodies. The law itself 
is alike for all of the planets. It does not favor one in re- 
lation to another. The planets will not move alike, but that 
is not because of the law but because of the fact that you did 
not start them off alike. The things which have to be speci- 
fied in addition to the general law in order to complete the 
story are usually called the initial conditions. Every possi- 
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ble motion which the planets have or might have had are 
included under the “law.” It is the initial conditions which 
serve to fix the particular problem we are talking about. 
The interest of physicists has concentrated largely upon the 
forms of these general laws of nature. You will recall that, 
according to the Newtoruan law, for example, the accelera- 
tion of any planet is related to the position of all the other 
heavenly bodies in a manner which is stated in a perfectly 
specific manner. The equation expressing the law has a per- 
fectly definite form which w^e regarded as something charac- 
teristic of nature. According to the law, the acceleration of 
a planet is zero if there are no other heavenly bodies present, 
so that the planet moves in a straight line with a constant 
velocity. We had come to visualize a set of mechanisms 
for this process. We had thought of the various heavenly 
bodies as exerting forces upon the planet under discussion. 
We had pictured the acceleration of the planet as resulting 
from these forces ; and we had attuned our minds to con- 
tentment in seeing the planet move with a constant velocity 
in a straight line if there were no forces acting upon it. Let 
us now examine a little more carefuUy the significance of 
the foregoing ideas. Let me suppose that I provide myself 
with a lattice composed of three sets of bars, one set lyiirg 
east and west, one lying north and south, and the third 
standing vertical. Let the bars divide all space into little 
cubes, in the manner indicated by our commencement of 
the drawing of the lattice in Fig. 14, A. Let the bars be 
equally spaced, in the sense in which you imderstand that 
term, east and west, north and south, up and down. Let 
us call this spacing a unit, and let us use this structure in 
conjunction with clocks to describe the motions of the 
planets. Such a structure provides what we have called a 
coordinate system. It is called a Cartesian coordinate sys- 
tem after the great mathematician, Descartes, who first 
invented it. When we say that a planet occupies the posi- 
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tion 4, 7, 10, we mean that it lies at the intersection of three 
of the bars, the first being, for example, a vertical bar lying 
4 units east, and 7 units north of our starting point, the 
second a horizontal bar lying 7 units north and 10 units high, 
and the third lying 4 units east and 10 units high. The 

visualization of the situation 
is much easier than its des- 
cription or an attempt to 
represent it on paper. The 
reader may wonder why we 
have encumbered ourselves 
with these bars, and why we 
have not contented ourselves 
with speaking of a point 4 
units east, 7 units north and 
10 units high. The answer 
will be apparent shortly. 
The visualization of these 
bars will serve to tie us down 
more definitely than we may 
at first think necessary to a 
clear realization of just what 
we mean by saying that the 
point in question lies 4 units 
east, 7 units north and 10 
rmits high. 

The description of the motion of a planet is the descrip- 
tion of its journey among the intersections of the above bars. 
And yet, these bars are only intermediaries in the story of 
what we actually observe. Even when we set up a tele- 
scope and photograph the planet, the thing which we really 
observe is the course of the image of the planet on the silver 
grains of the photographic plate. We have discussed this 
aspect of our observations at some length in Chapter VII. 
However, by first relating the planets to the set of bars, and 
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then relating the silver grains to the set of bars, we relate 
the silver grains to the planets. The only thing which is 
finally observed in any case is the coincidence of two marks 
— the mark representmg the image of the planet and the 
photographic grain. Nobody ever observes anything but 
the coincidence of two marks, the reading of a pointer on a 



scale, the readmg of the top of a mercury column in a ther- 
mometer on the graduation marks, and so on. But this 
being the case, why did we introduce the system of bars at 
all, why did we not relate the planets directly to the grains 
on the photographic plate by numbering these grains m 
some arbitrary manner, as for instance the manner we should 
adopt if we drew on the plate two sets of lines such as are 
shown in Fig. 15, and labeled them as shown? If you had 
asked this question of a mid-Victorian astronomer, he would 
have said: “Well, by relating the planets to the bars, we 
relate them to a very fundamental system of measurement. 
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and we may expect the relation when specified to contain 
some solid truth of nature which would have been concealed 
had we just numbered the photographic grains in a random 
manner and then related the planets to these numbers di- 
rectly. The mid- Victorian astronomer would have said 
that the relation of the planets to the numbers on the photo- 
graphic plate would not mean anything because the numbers 
on that plate represent “nothing in particular.” Now I am 
willing to agree with him that the numbers on the plate mean 
nothing in particular ; but, I also wish to maintain that the 
numbers associated with the bars also mean nothing in par- 
ticular. Let us look at tliis situation a little further. Sup- 
pose that I start with the set of bars with which you probably 
feel satisfied, and suppose that I also have a clock or a num- 
ber of clocks. We can have one clock located at each inter- 
section of these bars. I will leave to you the question of 
how to set the clocks so that they all go alike. If I do it, 
you may not like it, so if you think you know what you mean 
by setting all the clocks to go alike, then set them in this 
way. All I care about is that we shall have some way of 
assigning a time t to the event of the passage of a planet 
through the intersection of three bars, which intersection is 
denoted by the numbers x, y, z. Suppose that in terms of 
this system of measurement we investigate the laws of mo- 
tion of the planets, and find that law. Let us call this the 
law L. Newton’s law of motion is ah example. Suppose 
that I now make each bar of my frame work of bars double. 
One set I shall call A, the other B. I shall leave A as it is, 
for purposes of reference. But having soldered the inter- 
sections of all the bars of B, suppose I twist the bars and 
stretch them into a distorted condition, such as is indicated 
in the small portion of the lattice drawn in Fig. 14 B. Let 
me, however, preserve, /or each intersection, tJie same number- 
ing that I used before, so that the numbering will appear as 
in Fig. 14 B. Suppose that I do an analogous thing with 
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the clocks at the points of intersection. Suppose I duplicate 
my original clocks, and leaving one set at the intersections 
oi A, 1 allow the others to occupy the corresponding inter- 
sections of B. Suppose that, moreover, I modify these B 
clocks so as to make them go highly irregularly in relation 
to the A clocks. Let me go one step further. Let me cause 
the twisting of the B bars to change with time as recorded by 
the A clocks, and let the irregularity of the B clocks also 
vary with time and with position in relation to the A clocks. 
All I wish to have left is that for ever}’’ set of values, Xa, y^i 
Za, ta, which label an event,* in the A system, there shall be 
one and only one set of values Xb, ji, zj, h, which labels that 
event in the B system. 

Suppose that now I use the B system of measures in terms 
of which to discuss the motions of the planets. Suppose, 
in fact, I seek the law' which connects the B measures Xb, yb, 
Zb with the B measures U. I shall naturally not obtain the 
same law as before, i.e., the law L. You will say, “ Of course 
not, the B numbers are all wrong, and the law in terms of 
them doesn’t mean anything.” Let us inquire a little 
further into this accusation against the numbers, however. 

Suppose that when I asked you to imagine that the frame- 
work B became distorted I had asked you yourselves to take 
part in that distortion in every detail. Suppose, in fact, 
that everything other than the system we are studying — 
the planetary system — took part in this distortion. Then 
you would be totally unconscious of the change. For, 
every intersection of two or more lines would be preserved 
in that distortion in the sense that, if there were a certain 
identifiable molecule at the point of intersection in the old 
frame, that same molecule would be found at the correspond- 
ing point of intersection in the distorted frame. There might 
be a scale on which the numbers i and 2 and the numbers 2 

* For example, the collision of two planets or the coincidence of the image of a 

planet with a certain photographic grain. 
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and 3 were not separated by anything like equal distances as 
I viewed them, I who had not taken part in the distortion. 
As you viewed them, however, they would appear quite 
satisfactory ; for your retina would be distorted, too, and 
the images of the numbers i, 2, and 3 would fall on the 
same retmal cells as they fell on before the distortion, so 
that you would be quite satisfied with the picture. In 
fact, to you, the A rods would appear crooked and the 
numbering on them would appear wrong. You may think 
that you could discover the inequality of distances between 
the marks on the B rods referred to above by using a movable 
scale which just fitted between the marks i and 2, and which 
you might suppose would fail to fit the space between 2 and 
3. This supposition would be wrong, however, for, in terms 
of my standards of measurement, the rod would change in 
length as you moved it, and in such a way as to preserve the 
illusion. You would appear to me curiously deformed ; but 
you could not test the crookedness of your own back, be- 
cause the straight edges you used would be crooked, too. 
You and your companions who had experienced the distor- 
tion would not even look crooked to one another, because 
the distortion of the rays of light and of the retinas of your 
eyes would be such as to bring the images of the various 
parts of your neighbors on to the same retmal cells as they 
fell on before the transformation. You might change your 
form as you moved about, but you would not know it for 
similar reasons. The same sort of thing would happen as 
regards the time. You could not discover the irregularity 
in your clock, because any other clock you used to test it 
would suffer a like irregularity. You could not time it by 
your pulse beat, because that would go irregularly, too. In 
fact, to you, everything associated with that crooked meas- 
uring system would appear correct. The most humiliating 
thing from my standpoint is that, to you, I should appear 
deformed, and possessed of a highly irregular pulse. I 
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should appear to alter my dimensions as I moved about ; 
and, in kct, there would be absolutely nothing which I 
could do to prove that my system was undeformed and yours 
was deformed, that you could not do to prove that yours was 
undeformed and mine deformed. This being so, how do 
you know what the situation may be at this moment? If 
I miss out the mtrodiiction to this discussion, the picture 
of the deformation of the framework, etc., and simply start 
the story where we find ourselves wdth the difference of 
opinion as to which scheme of measures is right and which 
is wrong, you will readily see that there is no way of settling 
the question. In fact, there is no question to be settled. 
There is no meaning to one being right and the other wrong. 
If you think there is, state it, and I will show how tlie advo- 
cate of either system will be able to prove in terms of j^our 
criterion that his is the right system. In fact, both systems 
are on a par with each other. Now the deformation of the 
system B and the differences between the clocks were per- 
fectly arbitrary, for they arose from an arbitrary distortion 
of the framework and arbitrary changes in the time measure- 
ments. And so, all such systems must be regarded as on an 
equal footing. What, then, becomes of your notion as to 
the fundamentality of the form of the law of gravitation as 
expressed in terms of the A system of measurement? If 
you can only eliminate from your consciousness the idea 
that one of these systems is right and all the others wrong — 
and you certainly ought to be willing to do this unless you 
can say what you mean by one being right and the other 
wrong • — you will be in a position to admit that if we write 
down any law of such a kind that it is true when one meas- 
uring system (one method of attachmg numbers to the 
events) is adopted and is imtrue when another system is 
adopted, the form of that law must have in it something 
which is characteristic of the particular method of measure- 
ment which you have chosen. You will reply, “ Of course, it 
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has. That is the object of physics, to choose a measuring 
system and then find laws expressed in terms of it.” Very 
well, I will agree with you, so long as you do not claim in 
the slightest degree any greater fundamentality for the 
forms of the laws as expressed in terms of the measures A, 
which you initially classed as right, over and above those 
expressed in terms of the measures B, which you probably 
thought all wrong. But I shall have a suspicion that you 
think that the measures A are somehow or other more right 
than the measures B. However this may be, when the facts 
cited became realized, physicists received a great shock to 
their intuitions of mid-Victorian days in the matter of hav- 
ing thought so much about the forms of the laws in terms 
of one system of coordinates. Much that they had pon- 
dered over was characteristic of this one system of measures, 
and in such a manner as to lose nearly all of its prestige 
when it became realized how arbitrary an affair measure- 
ment really was. The physicist became rather disgusted 
at having spent so much thought on these matters arising 
out of the system of measurement itself. He sought to try 
and express the laws of astronomy, and of all nature in a 
form which was characteristic of no particular method of 
measurement. He sought to express his laws in a form 
which would be the same whatever system of measurement 
might be adopted. 

I may draw a crude parallel by hnaghiing a great poet 
who conceives the idea of a beautiful poem which he sym- 
bolizes in his actions. And then comes one who writes down 
in the English language what he considers to be in the mind 
of the poet. Then he translates it literally into French, and 
finds that it does not express the same idea. Of course, it may 
beimpossible to express the ideasof this poet in any language. 
But, if we go on trying until we have written a poem which 
means the same thing to us when it is translated into French, 
German, or any other language, we shall feel that we have 
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so far eliminated the individual peculiarities of the languages 
as to have a better chance of our poem’s expressing the ideas 
of the poet than if it had meant a different thing in each 
language. 

And so the idea of the relativist is to express the laws of 
nature in such a form that, if we translate them into other 
systems of measures, they say exactly the same thing. In 
the technical language of the mathematician the laws must 
be of such a form that they are invariant under any trans- 
formation of coordinates, the coordinates referring to the 
three measures of length and one of time. Under such con- 
ditions, the general laws, when written down in the B sys- 
tem, for example, would take the same form as when written 
down in the A system. Of course, just as in the case of the 
Newtonian law, the whole story is not told by the general 
laws alone. The initial conditions, or something analogous 
to them, have to come in. We must specify in addition to 
the general laws the pa;rticular things which characterize 
the system we happen to be talking about, as distinct from 
all other systems which might have existed and have obeyed 
the general laws. There are more of such things to specify 
in the case of the general theory of relativity than there 
were in pre-relativity days. This is the tax to be paid for 
the greater fundamentality resulting from the expression 
of the laws in this manner. Moreover, although the general 
laws take the same form in all systems of coordinates, in the 
sense that if you saw those laws written down you could not 
tell from their form which set of coordinates was being 
used, the extra conditions to be expressed are different ac- 
cording as one system of coordinates or another is adopted. 
Thus, as one of the initial conditions, a person using the 
system A may say that at f = o Neptune was moving with 
such and such a velocity in such and such a direction, 
whereas, in terms of the measures of the system B the state- 
ment may be equivalent to the statement that at t == lo the 
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planet was moving in some other direction with an entirely 
different velocity. Moreover, the picture of the final solu- 
tion of the problem will be quite different to the two ob- 
servers. One may see the planet describing a circle with 
a uniform velocity, whereas the other may see it describing 
an ellipse with a highly irregular velocity. We recall that 
when the teacher has developed some general theorems in 
electricity or optics or gravitation, he sets all kinds of exam- 
ples for his pupils to work out. The examples are different 
and the corresponding answers are dift'erent, but they are all 
worked out from the same general theorem. From the 
standpoint of this thought, I may say that if two people — 
one using the system of measures A and the other using £ 
— should write textbooks on physics from the standpoint of 
the theory of relativity and should discuss therein the laws 
of the universe as they appeared to them, the textbooks 
would be, word for word, the same for both. Only the 
problems at the end of the book would seem different.* 

The question of just what is involved in expressing the 

* While I have tried to express what I understand to be the ‘^official view^’ as 
to the lack of fundamentality in a law which does not conform to the criterion of 
invariance, I cannot but feel that we may have forced matters too far. When we 
imagined the A system distorted so as to produce the B system, we did not imagine 
a similar distortion to have taken place in the planetary system we were studying. 
To have done so would obviously have led us nowhere. Now the original measur- 
ing system was part of the same universe as that which contained the planetary 
system. Its bars were equally spaced in terms of measures made with the stuff of 
that universe.^ Its clocks went at regular rates as determined by the swing of a 
pendulum, which was again a thing of that universe. For these reasons, we might 
expect characteristics of a fundamentally simple nature to show themselves in terms 
of the A measures, and which might be disguised when expressed in terms of the B 
measures. There may be a sort of “sympathetic understanding ” between the uni- 
verse and the A measures, which is lacking in the B measures, and which conse- 
quently makes the A measures ‘^mean more*^ than the B measures. If you judge 
the sins of an artist by a jury of artists, you may get a result characteristically dif- 
ferent from that which would be obtained by a jury of clergymen, bankers, or col- 
lege professors. The judgment of the jury of artists would be apt to be much richer 
in content for the purpose of trying the artist than would be that of any of the 
other juries. 

Many of the interesting properties of our universe are characteristic of that par- 
ticular universe as distinct from others which might obey the same laws, and char- 
acteristic of our customar3r types of measurement. Thus, it is in terms of the 
measures A that the moon is round, and that the earth's orbit is nearly a circle. 
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laws of nature in a form which is the same for all systems of 
measurement is one which is too involved for a non-mathe- 
matical discussion. However, some of the ideas involved in 
this matter and in the relegation of the particular coordinate 
system to a less fundamental r61e than that which it formerly 
occupied may perhaps best be illustrated by a discussion of 
the bearing of the theory of relativity upon gravitation. 

The Law of Gravitation. As I have formerly pointed out, 
our old-fashioned way of regarding the motion of a planet 
is something like this : We say that if there is no force on 
the planet it moves in a straight line, with a constant 
velocity. As a matter of fact, this is really what we mean 
by there being no force on the planet. Absence of every- 
tWg but uniform velocity represents the condition of noth- 
ingness which the mind takes as its origin from which to 
elaborate its thoughts. If the body is moving in a straight 
line with a constant velocity, the mind is content — no 
questions are asked. If, however, it is moving otherwise, we 
find it incumbent upon us to inquire why. We inquire par- 
ticularly as to the acceleration of the body, because that is 
the quantity which, in a large number of cases, can be simply 
expressed in terms of the position of the body in relation 
to the other bodies in the system. It is for this reason that 
we define the direction of the force as the direction of the 
acceleration in elementary mechanics, and the magnitude of 
the force as proportional to the magnitude of the acceleration. 

But let me ask you to take part with me, at any rate in 
imagination, in an experiment. Let me place myself on a 
rotating disk out in space, while you remain vrhere you are 
to watch the performance. For simplicity, let me suppose 
that gravity is eliminated. Now, if I am in the condition 
of mind of the people of the reign of King Henry VIII, I 
shall believe that the disk does not rotate, and shall seek to 
hang anybody wdio tries to make me believe otherwise. If 
I let go a stone, you, of course, know that that stone will 
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continue to travel along the tangent at its point of release, 
but with uniform velocity. To me, however, the stone will 
appear to describe a curve in space. As a matter of fact, 
if I had a blackboard attached to my disk and caused the 
stone to trace its course on the blackboard by means of a 
piece of chalk attached to it, it would draw some such curve 
as POC in Fig. i6. If I have been brought up in the dogma 
that a body moves in a straight line unless a force acts upon 



it, I shall say that the disk repels the stone, and I shall try 
to find the law governing the variation of the force with 
distance. I may go further, and try to imagine some reason 
for this force, some pushing action transmitted from the 
disk to the stone through the surrounding medium; and, 
you wiU pity me for all this waste labor, particularly for my 
attempt to find a mechanism for the force when you know 
that, if I would only accept measurements from your stand- 
point, all would be so simple. To me, however, this force 
will be a very real thing. I shall feel it. My head wiU try 
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to leave my body and fly off into space, and I shall have to 
be tied down to the disk or I shall fly away altogether. 

The change of viewpoint between me and you in the fore- 
going illustration is simply a special case of transformation 
of coordinates. In my system of measurement, I experience 
forces, and things move in complicated manners, while in 
your system the motions are very simple. The motion of 
the stone was simply a straight-line motion with constant 
velocity to you, and for you there were no forces. I could 
complicate my impression of the phenomenon considerably 
by causing the disk to rotate in an irregular manner as viewed 
by you, and I could use a non-circular disk. Then, when I 
released a stone, it would appear to me to travel in a very 
complicated manner. Moreover, I myself would have all 
sorts of queer feelings which I should interpret as variable 
gravitational influences on my stomach, or what-not, while 
to you everything would be beautifully simple. I could 
experience an infinite variety of forces by getting on to a 
disk which could be made to move in all sorts of ways in 
reference to your system of measurement. Suppose that I 
could give myself such a motion in reference to your system 
of measurement that the apparent forces I experienced 
through failure to take account of my motion were just the 
forces which I have been accustomed to regard as the forces 
produced by the sun, earth,- and planets on one another and 
on the objects around me. Then I could say that the law of 
gravitation was to the effect that all the planets were moving 
in straight lines with constant velocity in a suitably chosen 
system of measurement, and they differed from that to me in 
a manner which could be accounted for by attributing to my- 
self a suitably chosen sort of motion in relation to that form of 
measurement. As a matter of fact, it is not possible to find 
a motion for myself such that if I destroyed that motion I 
should see all the planets moving in straight lines with con- 
stant velocity. But let us try an extension of the idea. As 
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I have remarked, the difference between you and myself 
when I was on the disk could all be summed up in the fact 
that I used a measuring system different from that used by 
you. However, for every value of x, y, z, and t which you 
assigned to an event, I should assign some definite value x' , 
y\ z', t' to the event. It was this difference in measurements 
which caused me to picture to myself all sorts of mysterious 
forces. Don’t think that I was somehow aware of the fact 
that the measurmg system was “wrong,” whatever that 
means. Did I not wish to chop oft' the head of anyone who 
doubted that my measures told the truth, the whole truth, 
and nothing but the truth. Now all the variations of meas- 
ures comprised in our foregoing picture were such as could 
be interpreted by changes in my state of motion in the old 
mid-Victorian sense. They did not even include these 
changes which we discussed under the restricted theory of 
relativity. Much less did they include the wider range of 
changes which we contemplated when we discussed the three 
mutually perpendicular sets of bars which we used .as a 
measuring framework, and which we subsequently distorted 
in an arbitrary manner and continued to use in conjunction 
with clocks which we had also tampered with in an arbitrary 
manner. Suppose we include all the possible systems of 
space and time which could be obtained from, let us say, your 
system, by the most complicated changes of the type dis- 
cussed. We have seen how an observer, using any one of 
these would have no more and no less right than some one 
using one of the other sets to say that his measurements were 
correct. Yet, if in terms of the measures of one of these 
observers the planets moved in straight lines with constant 
velocities, they would move in a highly complicated manner 
when viewed in the light of the other set. We may well 
ask whether, allowing ourselves all the latitude possible in 
the matter of transforming from one set of measures to an- 
other, there is any set which we could transform ourselves 
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into such that, using that set, we should find all the planets 
moving in straight lines with constant velocity. Suppose 
such were possible. Then, I could sum up the law of gravi- 
tation by saying that the planets move in such a way in 
relation to my measurements that, if I should only make the 
right transformation of coordinates, the person using that 
set of coordinates and thinkmg them correct coordinates 
would find aU the planets moving in straight lines with con- 
stant velocities. I might then take this statement to a 
mathematician and ask him to say it in more elegant form. 
The problem of the mathematician would be to write down, 
in terms of my system of measurement, some equations 
which the motion of the planets had to conform to, and 
which were governed only by the fact that it would be pos- 
sible, somehow or other, to transform their story of the uni- 
verse as I see it into another set of measures in which it 
would appear as that of a straight-line, constant-velocity 
universe. The mathematician may ask me how my present 
measures are related to that special set if there exists such a 
set. I refuse to tell him. I shy : “Write down as much as 
you can without my telling you anything more than the mere 
fact that it is possible to twist my measurements in smne way 
so as to realize the straight-line, constant-velocity condition.” 
I say to the mathematician : “That mere statement places 
some kind of restriction upon how the planets are moving 
in relation to my measures. Find that restriction. Find 
that law.” The mathematician is able to solve that prob- 
lem. He has solved it; and, of course, since I refused to 
give him any details about my own particular measures, 
his equations are necessarily the same for me as for some- 
body using another set of measures. The mathematician 
has said all that he can say without knowing anything about 
the particular measures in question, so his equations are the 
same for all of the sets of measures. Provided that the 
motions of the planets were such that they could be reduced 
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to a straight-line, constant-velocity type, the equations for 
the mathematician would then be the law of gravitation, in 
a form invariant under all transformations of coordinates. 
Even for the simple case of the motion of a planet about a 
center, the mathematician presents me with 256 plus 3 equa- 
tions, although by a merciful provision following from cer- 
tain conditions of symmetry, the 256 equations reduce to 20. 

For the benefit of those who have even the slightest 
acquaintance with algebra, I shall venture to put the fore- 
going discussion in a slightly different form.* You will 
recall that, according to the Pythagorean theorem of geom- 
etry, the distance s between two points, A and B, is given 
by the sum of the squares of the coordinate differences for 
those points. 

= {xa - xiY + (ya - ybY + (za - Zbf. 

If the two points are very near together, the mathematician 
writes ds for the distance between them, and dx, dy, and dz 
for the difference in their coordinates, so that 

ds^ = dx^ -1- dy® -(- dz® 

and 

ds — "V dx? -f- dy® + dz®. 

Suppose then we ask ourselves the question, what sort of 
path must join two points A and B in order that if we add 
up the v alues of ds along that path, i.e., if we take the sum 
of the V da:® -f- dy® -f dz® along the path, the result shall be 
less than for ahy other path? You know the result at once, 
and the mathematician can demonstrate it algebraically even 

* Those who have no knowledge of mathematics may find it advantageous to 
omit what immediately follows, and proceed to the section, ‘* An Analogy Illus- 
trating the Relation etc.,^^ commencing on p. 350. I should like to urge the 
reader, however, not to be alarmed at the existence of a few symbols. No more than 
the elementary mathematical knowledge, supposed to be the property of every 
educated person, is necessary, combined with a little hard thinking, to gather the 
significance^ of what is here written. If one does straggle with it to the extent of 
understanding it, his knowledge of the real significance of the theory will be enor- 
mously enhanced. 

'w. ■■ 
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though you did not know it. The path is a straight line in 
the sense that hlong that path changes of y and % will be 
proportional to changes of x. 

Now suppose I should consider a particle which occupies 
two different points A and B, at two different times, and 
should inquire what path a particle should take between 
them a nd how its speed shou ld vary along that path in order 
that V dy? + df •+• d'i + df, which I shall now call ds, may 
be less than for any other path and state of motion along 
that path which takes the particle from A to B in the given 
time. This ds does not have quite as much meaning to you 
as the old ds, although you must admit some resemblance in 
its appearance. I must not stop and yield to the temptation 
to which the mathematician succumbs, to try to consider 
the new ds as the length of a line m a four-dimensional space, 
but will content myself with the statement that the answ^er 
to the problems of how x, y, and z must vary with t in order 
that the sum of the ds’s along the path shall be a minimum 
is a perfectly definite one, and the problem is a perfectly 
easy one for the mathematician. The answer is that x, y, 
and z shall change proportionally to t. But this is the same 
thing as saying that the particle must move in a straight 
line with constant velocity. Thus, we could sum up the 
statement that bodies move in straight lines with constant 
velocity by sa3dng that they move in such a way that if 
between any two points A and B we add up all the ds’s where 

ds = V dx^ + d'f + dz^ + df, (i) 

the result will be less than for any other path or mode of 
motion along the path. 

Suppose that now I consider how things would look to 
some other observer who used a different system of measure- 
ments which I shall denote by Xi, yi, Zi, ti. For every point 
on the path of the particle I must find dx, dy, dz, and dt in 
te rms of the corresponding quantities for the new observer, 
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and I must then substitute the results in (i). It can be 
very easily shown that 

ds^ — gndxi + g^dyi + gzzdzx + gndti + gvdxidyi 
+ gndx\dz\ + giidxidti + gizdy^dzx 
+ dudyxdtx + gzidzxdix, (2) 

where the g’s are quantities depending upon xx, yx, Zx, and h 
in a manner determined by the law of transformation of 
coordinates. Thus they are quantities like Xx^, or .Vi® + yx%, 
for example. 

Now in terms of the new coordinates xy, yx, Zx, 4 , the old 
path which was a straight line with constant velocity will 
look anything but a straight line with constant velocity. 
If, however, somebody would give me the right-hand side of 
(2) with the g’s properly expressed as functions of the coor- 
dinates, and if I should take the path of the particle as it 
appeared to me, evaluate ds by (2), and add up all the ds’s 
for the whole path of the particle, you know that I should 
find a value which would be less than I should find for any 
other path or mode of description of path which the particle 
could follow ; for, the ds of (2) is numerically equal to that 
of (i). 

Now you might think at first sight that with a sufficiently 
arbitrary transformation of coordinates, it would be possible 
to produce any sort of g’s you liked to assign; and you 
might even go so far as to think that, without further state- 
ment, the fact that the sum of the ds’s taken along the path 
should be a minimum would include every class of motion 
which could take place. This is not so, however. There is 
something in common for all the g’s which can have come by 
even the most arbitrary transformation from the g’s, i, i, i, 
I, of equation (i). That something is expressed by a series 
of equations which the g’s must satisfy. There are 256 of 
them, as I have said, but happily a lot of them are identical, 
so that they boil down to 20. These equations, which, to 
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use the technical mode of description, are differential equa- 
tions, are statements of how the changes of the various g’s 
with changes of the coordinates are bound up with each 
other ; and the interesting thmg about them is that m them 
there is no statement of which set of coordinates is used. 
They are the same for all coordinates. In other words, if 
you should take your stand in any one system of coordinates, 
you could ascertain by the way in which the changes of the 
various g’s with changes in the coordinates were related to 
each other, whether they were g’s which could have come 
from the g’s i, i, i, i, of equation (i) ; and, you could do 
this without knowledge of what the system of coordinates 
you were using might be. Suppose then I make the state- 
ment that, taken between any two points which the particle 
occupies at any two times, the path and mode of description 
of the path is such as to make the sum of all the quantities 

V giidx-^ -f- gndxxdyx + • • • 

a minimum,* where all that is said about the g’s is that they 
satisfy the equations of which I have spoken. Then, the 
statement which I make may be wrong ; but in all systems 
of coordinates it describes the same path ; and it is the same 
statement in all systems of coordinates so that it conforms 
to the requirements of the general theory of relativity. 

Now, as I have already implied, in spite of the very large 
variety of motion into which we can transform the straight- 
line with constant velocity by the above device, none of 
those motions are such as to correspond to the facts of gravi- 
tation. However, we are tempted to see whether we may 
not describe the law in the above manner under the stipula- 
tion that these g’s do not satisfy the condition to which I 
have referred, but some other equations which are the same 

* Those who are familiar with the subject will recall that the ciiterioa that the 
path shall be a minimum is not logically general enough. ^ The criterion that the 
variation of the path, in the technical sense, shall be zero, is more appropriate. 
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in all systems of coordinates, so that the g’s are of such a 
kind that no transformation whatever would reduce them to 
the g’s I, I, I, I of equation (i). Now what Einstein did 
was to find a set of equations which the g’s must satisfy in 
order that he could describe the motions of bodies in terms 
of these in the manner I have sketched and yet in such a 
way that those motions corresponded very nearly to the 
motions as described by the Newtonian law. He found him- 
self limited practically to one possibility, so that since we 
know that the Newtonian law is very nearly correct, we are 
tempted to believe that this generalized law is the right one. 

Phenomena Predicted by Einstein's Theory of Gravitation. 
We have had occasion more than once to call attention to 
the fact that theories of entirely different forms may cover 
practically the same range of phenomena. The language of 
the Einstein theory of gravitation is about as different as 
anything could be from the language of the Newtonian 
theory, and yet the net result is that both theories are in 
harmony with each other in predicting the same planetary 
orbits to an eno’rmously high precision. The Newtonian 
theory predicts that a planet will travel around the sun m 
an ellipse. The Einstein theory gives a curve which is very 
approximately an ellipse but an ellipse whose axes instead 
of remaining fixed move around very slowly, so slowly how- 
ever that it would take nearly ten thousand years for them 
to move around one degree. 

A curious result from Einstein’s theory is to the effect that 
there is a certain velocity which a particle can never exceed. 
If a particle has at any time a velocity less than that amount 
the equations of the relativity theory never permit it to grow 
beyond that amount. This corresponds to what we find in 
nature, even when we do not limit ourselves to motions of 
the gravitational type. For, the highest particle velocities 
we find are to be found in the so-called beta-rays which are 
emitted from radium, and none of them exceeds a certain 
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limiting velocity which is, as a matter of fact, the velocity 

of light. , . . 

Further, the conclusion that this maximxnn velocity is 
equal to the velocity of light is in perfect harmony with the 
value which would be calculated for it from the observations 
on the departure of the orbit of Mercury from the strict 
Newtonian law. The calculated value for the rate of rota- 
tion of the major axis of Mercury amounts to forty-three 
seconds of arc per century, on the basis of the assumption 
that the velocity of light represents the limiting velocity, 
and this value agrees with the experimentally measured 
value within limits of experimental error, which amounts to 
about four seconds of arc per century. 

Again, since, on the above view, the velocity of light rep- 
resents the highest velocity which a body can attain on the 
basis of the theory of relativity, it is natural to suppose that 
the paths of rays of light may be the same as those of par- 
ticles which would travel with the speed of light. If we 
assume this, we can calculate how much a light ray would 
be deflected in passing by the srm. The amount comes out 
very small — only 1.75 seconds of arc for a ray which grazes 
the sun’s surface. The problem of its measurement involves 
the apparent positions of stars whose light 
reaches us in passing close to the sun’s disk, and finding how 
much they appear to be displaced in comparison with the 
positions which they would appear to occupy in the absence 
of the sun. It is necessary to photograph the stars during 
a total eclipse; for, only then is the sun’s light obscured 
enough to make photography possible. The quantity to be 
measured, about 1.7s seconds of arc, is a very small quantity 
when we realize that it takes 3600 seconds to make a degree. 
Nevertheless, as a result of carefuUy made astronomical 
observations, the predictions of the Einstein theory have 
been beautifully confirmed. In 1919, two British e^edi- 
tions found 1.98 seconds and 1.6 1 seconds, respectively, as 
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compared with the theoretical value 1.75 seconds, a fairly 
good agreement when the difficulties of the measurements 
are realized. During the eclipse of 1922, however, Professor 
Campbell made very careful observations at Wallal, Aus- 
tralia, with the result that the mean deviation found experi- 
mentally agreed with the theoretical value to an accuracy 
of 0.02 second of arc, an accuracy well within the limit of 
experimental error. 

So far we have discussed ■what the theory of relativity has 
to say regarding the motions of planets and of light ; but 
another important aspect concerns its bearing on phenomena 
in general. The condition of affairs near the sun is different 
from what it is far away. So far we have symbolized this by 
saymg that the quantities which we have referred to as the 
g’s are different. Now Einstein raises the question of how 
this difference will affect phenomena other than planetary 
motion — the period of a vibrating atom for example. I 
have already remarked that certain aspects of a gravitational 
field may be simulated by subjecthig ourselves to an acceler- 
ation, as was the case with the rotating disk referred to above. 
Perhaps a simpler illustration is to be found in the case of an 
elevator which is descending with an acceleration. If you 
should hold up a weight, the pull on your muscles would be 
reduced by the downward acceleration of the elevator ; and, 
if the elevator were allowed to drop h&ely, so that its accel- 
eration was that which gra-vity would impart to it, you would 
find no pull at aU. In fact, if you released the weight, it would 
stand by itself in free space. Of course, it would reaUy be 
accelerated downwards along with the elevator ; but, in 
terms of a reference system fixed in the elevator it would 
remain at rest, suspended from nothingness like Mohammed’s 
coffin. The transformation of your reference system from 
terra firma to the moving elevator would apparently annul 
the effect of gravity as far as this reference system is con- 
cerned. At least, it would annul it as regards its effect on 
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the weight. Now Einstein makes the assumption that the 
same transformation of reference systems, which would ann ul 
the influence of gravity as regards the weight, would annul 
its influence as regards everything else. 

Space will not permit me to enter into a detailed discussion 
of the situation, but it will be sufficient to state that the 
logical consequences of this idea are that, on account of the 
greater gravitational field at the sun as compared with that 
at the earth, the light emitted from an atom on the sun 
should appear to us of a smaller vibration frequency than 
that emitted from a corresponding atom on the earth. Here 
again the difference is only very slight, amounting to about 
two parts in a million. Nevertheless, although this has been 
the most difficult conclusion to verify, the evidence obtained 
at Mount Wilson Observatory is considered strongly in favor 
of its truth. 

N on-Eudidean Geometry. You may think that the pro- 
cedure cited in the last section, the procedure of invoking the 
assistance of g’s which could not be transformed to the g’s 
I, I, I, I, of equation (i), robbed the theory of its last claim 
to mean anything. However, long before the days of 
relativity, geometricians had interested themselves in ex- 
pressions like (2), but where the g’s w^ere not obtainable from 
the g’s I, I, I, I, by any transformation. The matter 
was one concerned with what is called “non-Euclidean 
geometry.” 

Two thousand years ago, old Euclid busied himself with 
compiling into book form the knowledge of the ancients on 
geometry ; and, until comparatively recent times, these 
propositions of Euclid have stood as an unassailable monu- 
ment of precise thinking and a source of torment to all school- 
boys. Many of the things which Euclid said in those books 
seem so obvious to the beginner that he has difficulty in see- 
ing that they need any proof ; and yet, when he comes to 
prove them, he frequently finds the task by no means easy. 
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Why is this? If a thing is so obvious that it seems to need 
no proof, there surely should be no difficulty in making up a 
proof if such is called for. Alas ! this is not necessarily so. 
The power to smell the truth has been developed in us so 
strongly, in the form of intuition, that knowledge of the 
truth goes often ahead of the power to demonstrate it. This 
is, of course, of great advantage, so long as that experience 
on which intuition feeds is one appropriate to the realm of 
discussion. When, however, we are dealing with a reahn 
outside of that of common experience, we must be careful 
that intuition does not lead us astray. 

Now Euclid defined a straight line as the shortest distance 
between two points. He then said that it was possible to 
produce a straight line to an tmlimited extent in each direc- 
tion. That seems obvious enough. So obvious says in- 
tuitio'n that it seems that he need not have gone to the 
trouble of pointing it out. The essential element in Euclid’s 
statement may be amplffied to a greater degree of clarity by 
saying that it amounts to the statement that if you marked 
your straight line by flags stuck into it, and then produced it 
on and on, marking your way with flags all the time you 
would never come back to one of your old flags. ' ‘ W ell, that 
is obvious enough, ” says intuition. But here intuition is on 
dangerous ground. Suppose you lived on a sphere, as in fact 
you do, and drew between two points a line which was the 
shortest distance as measured by a rule one foot long with 
which you marked out the line step by step.* You know 
that the line would be part of a great circle and would 
eventually come back into itself. You could not produce it 
infinitely far either way. But you will say, “ the path was 
not really a straight line.” I ask you what a straight line is 

* We must here be rather careful. The portion of a great circle starting at the 
south pole passing through the north pole and ending at some point F further on 
is the longest distance from the south pole to F. The shortest distance is the re- 
mainder of the great circle. To avoid ambiguity, whenever we speak of a short- 
est distance line” we shall mean a line so drawn that it represents the shortest 
distance between points on it which lie sufficiently close together. 
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and you say “ The shortest distance between two points.” 
Well, the portion of the great circle was the shortest distance 
between two points. That is why the mariner trys to sail 
on a great circle . “ But, ” you will say, ‘ ‘ that is not the kind 

of distance between two points which I am thinking of when 
I speak of a straight line.” Very well, I think you want to 
tell me that by a straight line you mean the shortest distance 
between two points as measured in three dimensions. But, 
if you tell me to confine myself to a line which is the shortest 
distance between two points in three dimensions, and ask 
me to produce it in the sense that it is always the shortest 
distance, between any two of its points, I ask you what 
criterion I have to decide that it will not come back into itself. 
You tell me that no criterion is necessary. You will say that 
you can picture the produced line as going on and on forever. 
But, I must ask you whether you are sure that the line which 
you picture as going on and on forever really satisfies the 
condition that it gives always the shortest distance between 
any two points on it when that distance is marked out step 
by step by the foot rule. You will have great difficulty in 
proving that it does. In fact, I defy you to prove that it 
does or that it does not. 

Suppose that the person we pictured as on a sphere thinks 
he is on a plane. Suppose he stands at what we call the 
north pole. Suppose that he draws outwards radially from 
this point a series of Imes at equal angles, and draws them so 
that each represents the shortest distance between any two 
of its points as stepped off by a foot rule. If he thinks he is 
on a plane, he will picture these lines as gomg on and on for- 
ever, and he will be very surprised when he finds that they all 
come together again at the south pole. He mil be still 
more surprised when he finds that, on continuing them fur- 
ther they eventually come back to the point from which he 
started. You will point out that when he does discover the 
lines, which he thought straight lines, curving back into them- 
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selves he will himself come to the conclusion that his distances 
are being measured on a sphere, or on some kind of a similar 
closed surface. Quite true! I agree. But if he has been 
under the impression that his measurements meant a different 
thing, measurements on a plane in fact, the sort of measure- 
ment which he will have to make in order to realize lines 
which do not come back unto themselves will seem artificial. 
There is no clear-cut criterion for minimum of artificiality in 
measurements. 

Now those who have thought much about the matter have 
come to see that a person who is convinced that “lines of 
shortest distance” in three dimensions when produced con- 
tinually wiU of necessity not come back on to themselves is in 
the same sort of condition of mind as one who, in two di- 
mensions, convinces himself that lines of shortest distance 
when produced will of necessity not come back unto them- 
selves. 

But you will tell me that if in three dimensions you draw a 
lot of rays outwards from a point, separated by equal angles 
initially, you can actually picture them in your mind’s eye as 
getting farther and farther apart as they go on. But our 
two dimensional friend also pictured lines which he drew out 
from a point as getting farther and farther apart. He could 
actually demonstrate by measurement, as you could do in 
three dimensions, that they get farther and farther apart 
as they go out, so long as he or you do not go out too far. 
The trouble with our two dimensional friend is that when 
he constructed his shortest distance lines according to his 
method of stepping off distances, they did not do what he 
expected them to do. The same thing may happen with the 
case for three dimensions. The shortest distance lines may 
cease to diverge after a time and curve around to meet again. 
You may feel that if they do this, there must be something 
wrong with the way of stepping them off. You may suppose 
that the foot rule has conspired to deceive you, and that by 
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being turned around to follow what you think is palpably a 
curve and not a straight line which, according to your beliefs, 
ought to represent a line of shortest distance, the foot rule has 
become lengthened. In this way, you may argue, it tells 
you falsely, that that curve which it stepped off is shorter than 
what you think is the real Hne of shortest distance. If you 
talk this way I shall have to object. I shall have to ask you 
in reference to what standard did the foot rule alter when it 
was turned around. Alas ! You have lost your standard, 
because you have lost your foot rule. All you can say is that 
the foot rule has changed in relation to a foot rule whose 
behavior you can define in such a way that if you used it all 
this troublesome situation would not have arisen and every- 
thing would have been as you think it ought to be. Now, 
I think I have caught you. Here are two foot rules, one of 
them is my old friend, which I simply carry about, and use 
without doing anything to it, and the other is your foot rule. 
Every tune you use your foot rule, you have to make a 
calculation ; and, on the basis of the calculation you have to 
put a piece on or cut a piece off before you use it. If you tell 
me that your measurements are more fundamental than mine 
I fear I shall have to smile, and shall liken you to a person 
who, because he is too short and too fat uses an india rubber 
yardstick which he compresses when he measures his height 
and stretches when he measures his waist. 

The point which I wish to emphasize is that the term 
shortest distance between two points has no fundamental 
meaning in its own right apart from some statement as to 
what is meant by the measurement of distance. If your dis- 
tances are measmed by stepping off with a foot rule you get 
one result and the lines of shortest distance in your space 
behave in one way. If you measure distances by the time to 
fly from one point to another you may get another criterion. 
Old Euclid knew what he was talking about when he realized 
that it was necessary to ‘‘postulate” that a “shortest dis- 
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tance line” could be produced infinitely for both ways with- 
out coming back on to itself. This postulate was the 
equivalent of confining himself to such types of measurement 
of distance as those for which the statement held true. His 
geometry will be useful or not as applied in practice accord- 
ing as the methods of measurement actually adopted do or 
do not satisfy the criterion in question. 

But, in addition to this postulate about the possibility of 
producing a straight line, there are other postulates in 
Euclid’s geometry, the most famous and fundamental of 
which is his postulate relating to parallel straight lines. This 
postulate is to the effect that through any point it is possible 
to draw one and only one straight line which is parallel to a 
given straight line in the sense that if the two lines be pro- 
duced ever so far both ways they will never meet. The part 
of this postulate which interests us most is the part to the 
effect that it is possible to draw even one such straight line 
parallel to another. Here intuition has danger of giving us an 
answer too readily. One is inclined to say : “Of course, one 
can draw through a point a straight line, a shortest distance 
line, which shall be parallel to any assigned straight line.” 
But mathematicians tried for many years to prove that such 
was possible only to succeed, finally, in proving that it could 
not be proved. Again the result depends upon what one 
means by a “shortest distance line” between two points, and 
the meaning depends upon the method of measurement. 
Of course, we can always draw through a point a line which 
never meets some other assigned line, because if ever the line 
in question seems as though it is going to meet the assigned 
line, we can make it turn away ; but, in doing this, we may 
destroy its property of being a shortest line in the sense of 
our prescribed system of measurement. In case intuition 
functions so strongly in the mind of the reader as to make 
him feel that it is ultranonsensical to admit that it may be 
impossible to draw two shortest distance lines which never 
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meet, I may point out that, every shortest distance line on 
a sphere meets every other one at two points. Thus, all the 
great circles of longitude meet at the two poles. 

Now every school-boy who has studied Euclid knows how 
the propositions and theorems of Euclid go along, each one 
depending at some point or other upon something which has 
been proved or postulated earlier. One of the most famous 
of these propositions is the Pythagorean theorem, so named 
after its reputed discoverer. This theorem, which we. have 
already cited, states that in the case of a right angled triangle, 
the area of the square described upon the hypotenuse is equal 
to the sum of the areas of the squares described on the other 
two sides — or, m other words, the square of the length of the 
hypotenuse is equal to the sum of the squares of the lengths 
of the other two sides. This theorem goes ultimately back 
to the postulate of parallels. Given that postulate the 
Pythagorean theorem is true. Without it, the theorem is 
not true. In other words, if you draw a triangle whose sides 
are shortest distance lines in the sense of a certain method of 
measurement, and if two of the lines form a right angle, then 
the Pythagorean theorem will be true for that triangle, 
provided that the method of measurement which determines 
what you mean by a shortest distance line is such as to pro- 
vide for the fact that it is possible to draw through any point 
one and only one shortest distance line which shall be parallel 
to any assigned shortest distance line. I must again warn the 
reader about being controlled by his visual impression as to 
whether or not a line is a straight line or not. It would be 
very easy to provide you with glasses which made what you 
call straight lines look crooked, and which made certain lines 
which you now call crooked look straight. You would' then 
find that your visual impression of what to expect in the 
matter of measurement would depart very far from whaty^ou 
actually found. 

To return to the Pythagorean theorem. The geometries 
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of systems of measurement which do not conform to the 
Pythagorean theorem we call non-Euciidean geometries. 
The two dimensional geometry of lines drawn upon a sphere 
is a non-Euclidean geometry.* Thus it is possible to draw on 
a sphere a three-sided figure whose sides are composed of 
shortest distance lines two of which meet at a right angle. 
The Pythagorean theorem would not hold for the sides of 
this triangle. Again I say, in -weighing the content of this 
statement do not let your eyes deceive you by telling you 
that everything about the matter would be all right if you 
were only dealing with “really straight” lines. That term 
“really straight” is an illusion in any sense other than that 
of shortest distance, at least, it is safe to say that the appar- 
ently definite significance to its meaning provided by what 
I may call the subconscious eye is an illusion. 

Confining ourselves for the time bemg to two dimensions, 
we realize, of course, that right angle triangles drawn upon a 
plane satisfy the Pythagorean theorem. As a matter of fact, 
this statement is not quite as conclusive as it seems, because 
if you should ask me exactly what a plane was, I should be 
in rather a difficulty in answering you. I should probably 
have to teU you that a plane was the kind of surface which 
insured that right angle triangles drawn on it obeyed the 
Pythagorean theorem. However, since you are probably 
not much troubled about the meaning of a plane surface — 
not as much troubled as you ought to be — and since the 
elements of trouble which I might raise are not particularly 
relevant to what remains to be said, I will not belabor them 
but will start with the supposition that we know what a 
plane is. Very well ! The Pythagorean theorem is true for 
right angle triangles drawn upon a plane. Suppose that I 
draw on this plane two lines OX and OF at right angles 
to each other, the first representing the axis of x and 

* The geometry of these lines considered in 3 dimensions is, of course, in the 
ordinary understanding of measurement, Euclidean. 
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the second the axis of y, so that I can locate any pomt P on 
the plane by stating its distance x from OF and its distance 
y from OX. Any curve such as PQR, Fig. 17, drawn on that 
plane is represented by saying that as we go from point to 
point on the curve, the y values for the points change in a 
certain way in relation to the x values. If I consider a very 
short distance ds on that curve, it will be sensibly straight, 



Fig. 17 


and if dx and dy are the differences of the a; values and of 
the y values for its end points, the Pythagorean theorem 
requires that 

d^ = dx^ + dy^. (3) 

This is, of course, exactly analogous to what we wrote on 
page 314, except that we are now discussing the simple 
case of two dimensions instead of three dimensions. Sup- 
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pose I set myself the problem of finding what sort of a curve 
must join P and R in order that the sum of all the values of ds 
taken along that curve from P to R shall be the least possible. 
The curve we shall find will be, of course, what we call a 
straight liue, and it will look like a straight line to you in the 
picture you probably have in your mind. 

Suppose now that I make what we have called a transfor- 
mation of coordinates. Let us consider the process by which 
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Fig. i8 

I introduced this idea on page 299, with a slight variation 
to prevent monotony. Suppose I mark the curve PQR on a 
drawing board, and that I place over it a piece of transparent 
rubber on which are marked the lines OX and OF together 
with two sets of equally spaced lines parallel to these two 
lines as in Fig. 18. Suppose that I label these lines i, 2, 3, 
etc., as shown in the figure, so that the mimbers attached to 
two of these lines give the values of x and y at the point of 
intersection. Now let me deform the India rubber in any 
manner whatever consistent with the fact that it remains in 
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the plane of the drawing board. The parallel straight liaes 
will no longer look parallel and straight to you. But if you 
yourself participate in this deformation in the manner 
analogous to that already cited on page 303 for the three 
dimensional case, the lines wiU continue to look equally 
spaced and parallel to you, a fact which, I may point out, 
effectively destroys any apparent fimdamentality of the 
straightness and parallelness of the original lines, as pictured 
in your sense of vision. However, to proceed, if the curve 
PQR appeared as a straight line to you before the distortion 
of the measures and of yourself, it will no longer appear 
straight after the distortion. The values of x and y associated 
with any point on the line PQR will be different after the 
distortion of the rubber than they were before, because we 
allowed the numbers associated with the intersection points 
of our coordinate lines on the rubber to remain the same 
after the distortion as before. If we denote the new 
numbers associated with the points on the curve by iCj, yi, 
then for every point on the curve, there will be a perfectly 
definite relation between the old number pair x, y, and the 
new number pair a^i, yi, in the sense that we can calculate 
the former from the latter, or vice versa, in terms of the dis- 
tortion. If I express the dx and the dy of equation (3) in 
terms of the new coordinate numbers, it is easy to show 
that the right-hand side of 3 assumes the form 

giidxi^ + gndxidyi + gndyi^ 

where the g’s are algebraical expressions involving and yi. 
Thus ^^2 ^ 4- gi^xidyi -f gidyt (4) 

If a person using the rr, y, measures were asked to draw the 
curve for which the sum of aU the \^do^ + d)P from P to R 
was the least possible, he would of course draw what appeared 
to him a straight line. Let him mark it out by flags stuck in 
the blackboard. Then if the person using the xi, yi, measures 
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were asked to draw the curve for which the sum of the values 
of V giidxi + gidxidyi + §22da-2“ from P to R was the least 
possible, he would find what appeared to him a curve, but if 
he marked it out with flags, his flags would fall on the top of 
the flags set by the former person who used x and y. 

Now, in the foregoing example, I supposed that you gave 
the second person the expression (4) for ds, and asked him to 
find the line between P and R for which the sum of all the 
values of ds was the least possible. I supposed that you told 
him what the g’s were in terms of si, and yi. Suppose, 
however, you had not done this. Suppose you had simply 
given him the curve PQR drawn on the drawing board and 
asked him to describe it. If he were a clever enough mathe- 
matician he could ferret out the information you had refused 
to give him. He could say to you “ that curve is such a curve 
that for it, the sum of all the values of ds from P to P is the 
least possible provided that ds is — ” and here he would write 
down an expression like (4) but with the g’s actually specified 
in terms of xi and yi. Thus for example, gu might be xi, gi2 
might be xiyi, and gn might be yi^. Having done this., he 
would, if he were a good enough mathematician be able to 
find what was to him a new way of labeling the pomts on 
the curve, a way designated by x and y, which was related 
to his old way designated by Xi and yi such that in these 
new measures in terms of a: and y, ds assumed the form 

ds = '\/dod -f d‘f 

It would be possible for him to do all this without even 
knowing that the curve was drawn on a plane. His success 
in being able to show that he could describe the curve as the 
shortest distance between two points when drawn upon a 
surface which permitted the Pythagorean theorem to hold 
for the distances would tell him that the curve was on a plane.* 

* The technical reader will realize that in a plane we here include all surfaces 
developable from a plane. 
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Let us now turn to the case of a curve PQR drawn upon a 
sphere. Again we wish to take some reference lines in terms 
of which to specify the points on the line. We cannot take 
two sets of equally spaced shortest distance lines as we did 
on the plane. There are no such lines. The shortest dis- 
tance lines are great circles, and we cannot find even two of 
those which are equally spaced all along. The parallels of 
latitude are equally spaced, but they are not great circles. 
They are not shortest distance lines. However, that does not 
matter very much. It was only as a matter of convenience 
in presentation that we started with the two sets of 
parallel straight lines rather than with any of the other 
systems of numbering producible by the process of stretching 
the rubber. The essential things were, first that we sub- 
mitted for the examination of our observer a line PQR which 
we knew to be a shortest distance line, second, we saw how 
our observer, if he were clever enough, could discover an 
expression for ds in terms of Xi, yi, dxi, and dyi, such that by 
seeking the curve which made the simunation of the ds’s a 
m inimum , he found the very curve we gave him. Third, we 
realized that, if our observer were clever enough, having 
found the ds, he could ascertain that it would be possible to 
specify a new method of measurement which was uniquely 
related to the method he had adopted, and such that in that 
method of measurement ^5 would have assumed the form 

ds = Vds? + dy^ 

And so on the sphere, if we start with any one method of 
locating a point on our line, we can pass to any other method 
possible on the sphere. Suppose we start by locating a point 
on the sphere in terms of its longitude L and its latitude 1. 
Here L and I are of course angles. As a matter of fact, if 
this causes any confusion we may regard X as the distance of 
the corresponding meridian circle from the Greenwich merid- 
ian, measured along the equator, and I as the distance of tlie 
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corresponding circle of latitude measured from the equator 
along a circle of longitude. 

If on the sphere of radius a we have two points, near to- 
gether, and separated by a distance ds whose end points differ 
in longitude and latitude by dL and dl respectively, it can 
readily be shown that 

ds = y/ dP + ahosHdl? (5) 

where L is the longitude and I the latitude of the element ds. 
If our observer were presented with this expression and asked 
to find how L must vary with I along a curve between two 
points P and R in order that the sum of all the ds’s should be 
the least possible, he would of course find that the curve was 
a portion of a great circle. 

Suppose that this curve PQR having been marked on the 
sphere, we encase the sphere in a spherical shell of trans- 
parent rubber, that we mark the circles of latitude and 
longitude on this rubber, and after numbering them, we de- 
form the rubber in any arbitrary manner subject only to the 
condition that it continues to fit the sphere. If we still con- 
tinue to use the numbers on the distorted lines to locate a 
point on the sphere we shall be doing the equivalent of using 
a transformed system of measurement in the sense understood 
by a mathematician. It is possible to show that the old ds 
which was before given by (5) is still given by an expression 
of the form 

ds — y/gu.dL^ -+• gv^Lidli -f- gisMi (6) 

where Li and 4 are no longer the latitude and longitude, but 
refer to the new methods of measurement and where the g’s 
are functions of Lx and Zi which we cannot specify unless we 
know the nature of the deformation of the rubber. If, how- 
ever, a mathematician is given this expression for ds with the 
g’s appropriately expressed, and seeks the way in which Xi 
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must vary with h so that the sum of the ds\ shall be a miui- 
mum, when he actually constructs that curve from the rela- 
tion deduced, he will find that it will be the same curve as the 
one observed by the mathematician who used (5), in the sense 
that if each mathematician marks out his curve with flags, the 
two sets of flags will coincide. 

Now let us again invoke the consideration which we in- 
voked in the case of the plane. Suppose that our mathe- 
matician does not know the mathematical forms of the g’s, 
but suppose he is provided with the curve. Then Vire know 
that it would be possible for him to find a set of g’s such that 
the shortest distance curve which he deduced from them was 
the given curve. Once he has one set of g’s which enable 
him to do this, he is able to answer the question as to whether 
any transformation of coordinates would transform him to a 

ds of the form 

ds = 's/ dLi + dl^ (7) 

where we have used the subscript zero to avoid confusion 
with the coordinates already referred to. If he could find 
such a transformation, he could draw upon a piece of plain 
paper two systems of equally spaced lines perpendicular to 
each other lie Fig. 18, and represent that shortest distance 
line between P and 22 as a straight line which could form the 
hypotenuse of a right angle triangle of which one of the L 
lines and one of the I lines formed the two sides ; mid, for this 
triangle, the Pythagorean theorem would be true. Now it can 
be proved that our mathematician would never be able to 
fin d a transformation which transformed the ds of (5) which 
was appropriate to a sphere to the form (7) appropriate to a 
plane. He can make an mfinite variety of transfonnations 
of his coordinates aiid so get all sorts of different forms of 
g’s, but all the different sets are brothers in the sense that 
there is something about all of them which is characteristic 
of the sphere on which they originated. The mathematicians 
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are able to express in the form of equations what that some- 
thmg about the g’s is which makes them characteristic of a 
sphere. 

In the former problem where our mathematician drew a 
shortest distance line on a plane, he was able to make his 
shortest distance line assume all sorts of different forms by 
altering his scales of measurement, his coordinates, on the 
plane ; but, there was something characteristic of aU of 
them. That something was inherent in their being capable 
of being twisted back to forms which, when used to measure 
up the shortest distance line, gave for that line a straight line 
which could form the hypotenuse of a right angle triangle 
with the coordinate lines as the sides, the three sides satisfy- 
ing the Pythagorean theorem. The Pythagorean theorem 
then endowed such shortest distance lines as thus measured 
with what we call a Euclidian geometry. 

There are also shortest distance lines on a sphere, but by no 
process of distorting the system of measurement on the sphere 
can we arrive at a state of affairs w'here the two measures of 
the coordinates of the end points of the line can be used in 
conjunction with the length of the line itself to produce a 
right angle triangle, satisfying the Pythagorean theorem. 
We say that shortest distance lines on a sphere are incapable 
of being related by a Euclidean geometry. They are related 
by a non-Euclidean geometry which is characteristic of the 
sphere on which they are drawn. If the surface is not a 
sphere but some other form of surface, then the geometry 
is a non-Euclidean geometry of another kind. Again, the 
expression for ds in terms of the coordinates chosen to 
specify a point is of the form (6) ; but, all the g’s obtained 
by different kinds of transformations form another class in 
themselves, a class which is characteristic of the surface in 
question. The particular class of g’s may be characterized 
by a system of equations which the mathematician is able 
to find directly you specify the surface. 
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If you say that a certain curve is a shortest distance line 
in a geometry where the g’s are the kind of g’s which satisfy 
the equations appropriate to a plane, you know that it is 
possible to choose a system of measurement which would 
make that line appear an ordinary straight line. 

If you say that a line is a shortest distance line in a ge- 
ometry where the equations satisfied by the g’s are those 
appropriate to a sphere, you know that it is possible to 
specify a system of measurement which would make that 
shortest distance line appear as part of a great circle on a 
sphere. 

If you say that a line is a shortest distance line in a ge- 
ometry where the equations satisfied by the g’s are those ap- 
propriate to some other surface, you know that it is possible 
to specify a system of measurement which would make that 
shortest distance line appear as part of an ordinary short- 
est distance line on that surface. 

Now all the foregoing is not limited to a case of two di- 
mensions. 

In introducing the mathematical aspects of general 
relativity on page 314 we wrote down the expression ds = 
V + d'f -f- d^ expressing the element of length of a 
line as the square root of the sums of the squares of the co- 
ordinate differences of its end-points. This is easily seen to 
be the equivalent of assuming the Pythagorean theorem for a 
triangle considered as drawn anywhere in three dimensional 
space. If we had gone further and imagined an arbitrary 
transformation of coordinates in three dimensional space, 
the element ds expressed in terms of these new coordinates 
Xi, yi, Zi, would have been of the form 

is = giidx’? giidxiiyi gisdxidsi gTsdyii^i ■ • ■ (S) 

where the g’s were functions of Xi, yi, Zi, but ■were character- 
ized by the fact that they were the sort of g’s that could be 
evolved from the g’s, 1,1, i, by a mathematical transforma- 
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tion. The mathematician can express this characteristic 
of the g’s in the form of equations which they have to satisfy. 

If the Pythagorean theorem had not been true in the first 
instance, an expression of the form (8) would still have held ; 
but, the g’s would not have been the sort of g’s which could 
be evolved out of the g’s i, i, i, by any mathematical trans- 
formation. They would be characterized by a different set 
of equations which they had to satisfy, a system characteristic 
of the particular kind of geometry which did hold. We 
should say that we were dealing with a non-Euclidean 
geometry of 3 dimensions, and that the space was curved. 
This last statement must not be allowed to confuse fis. In 
two dimensions, figures drawn on a flat plane were charac- 
teristic of Euclidean geometry. Figures drawn on a curved 
surface such as a sphere were characteristic of a non-Eucli- 
dean geometry. The non-Euclidean geometiy'' of two dimen- 
sions is geometry on a curved surface — geometry in a curved 
two dimensional space as distinct from geometry on a plane, 
which is a flat two dimensional space. So when we have 
three dimensional non-Euclidean geometry, we speak of it as 
geometry in a curved three dimensional space. The point 
about the word curved is this : If I asked you what a curved 
surface is you would probably find some difficulty in putting 
your answer into words. Try asking anyone what a spiral 
staircase is. You will invariably find the answer accom- 
panied by a corkscrew motion of the hand ascending towards 
the ceiHng ; and, without the corkscrew motion the words 
of the answer will probably mean very little. And so, if I 
ask you what a curved surface is you will probably use your 
hands in making an answer. Now it is the business of the 
mathematician to say what he means without an appeal to 
g3mmastics ; and, when he writes down on paper the essential 
elements which enter into his statement of what he means by 
a curved surface, the intuitive part represented by the motion 
of your hands will play very little part. In the actual work- 
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ing features of the concept of curvature, even considered in 
two dimensions, there is 99 per cent of cold undemonstrative 
precision of statement combmed with only one per cent of 
what you tried to convey by your gymnastics. The situation 
is like that of the archdeacon of the first chapter. A precise 
characterization of his properties gives 99 per cent attention 
to his function and only one per cent to his top hat. And so 
in the mathematician’s characterizing of curvature, there is 
99 per cent of use and of a non-intuitive nature, and only one 
per cent of intuitive nature which is probably of little use. 
Now when we go to three dimensions or four or five, or 
twenty-thousand, it turns out that the only things which 
become lost are the more or less useless intuitive concepts — 
the things which serve no real purpose and act simply as the 
drones of the mathematics. The layman is apt to become 
befogged by talk of curved space of tluree dimensions because 
he has not had occasion to handle the 99 per cent of useful 
meaning to curvature and has only the one per cent of 
intuitive meaning which, of course, he loses when he goes to 
three dimensions. On the other hand, perhaps the mathe- 
matician is a little at fault in perpetuating the word. What 
has happened in his case is that the intuitive meaning has 
evaporated almost entirely from his consciousness, as a use- 
less thing, and the very term curvature has come to mean to 
him those characteristics which are of a mathematical nature, 
the characteristics which, as a matter of fact, are the only 
things which produce the results which interest the layman 
even in two dimensions, but characteristics of which the 
layman is not conscious. The mathematician and the lay- 
man may be likened to two men walking along a road. The 
mathematician shows his card case to the la3mian and says 
“In here I have an interesting cat.” “But,” says the lay- 
man, “that cannot hold a cat.” “It most assurefiy does,” 
says the mathematician. “It scratches. It drinks milk. 
It meows. It has kittens. It purrs and has a feminine 
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temperament.” “ But,” says the layman, “ I can’t think of a 
cat which weighs less than lo lbs.” “ Ah ! ” says the mathe- 
matician, “I have had a lot to do w-ith cats. I study their 
activities in great detail, and the weight plays very little part, 
so I call this animal a cat.” 

And so, coming to our last stage of this very lengthy dis- 
cussion on non-Euclidean geometry and its relation to rela- 
tivity, we recall as explained on page 318 that Einstein found 
that a planet moves in such a manner that if ds be given by 
(2), the planet varies with position x, y, s and time in such a 
manner as to make the sum of all the ds’s from any one 
position and time to any other position and time a minimum, 
where the g’s are not the sort of g’s w’’hich could be reduced to 
the g’s I, I, I, I, by any mathematical transformation, but 
are characterized by a set of equations which Einstein was 
able to discover. These equations concerning the g’s con- 
tain in their make-up quantities which characterize what m 
the pre-relativity way of talking W'ould have been the amount 
and distribution of the matter responsible for the gravita- 
tional attraction. In the absence of such matter they reduce 
to the equations of the g’s for Euclidean space. In terms of 
our language of non-Euclidean geometry we say that the 
path of a planet between two points in the four dimensional 
space (we call it space-time) comprising ordinary space and 
time is a “shortest distance,” * or “geodesic” in that space- 
time ; but the space-time is a non-Euclidean space-time ; or 
in the language of the mathematician a curved space time. 

Finite hut Unbounded Space. An infinite plane represents 
a two dimensional space which is unbounded, and, as its 
designation implies is infinite in extent. On the other hand 
the surface of a sphere is a two dimensional space which is 
unbounded, but finite in extent. It is unbounded because as 
you travel over it you never come to a boundary, but there is 
obviously only a finite area to the whole of it. 

* See however, foot-note on page 317. 
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Now strange as it may seem, a non-Euclidean three 
dimensional space can present us with a case of unbounded 
space but space finite in total extent. Here again, our 
intuition is apt to present us with an apparent denial of the 
finiteness of the space. We are apt to suppose there must 
always be more space “outside” any region we like to assign. 
A careful analysis of the nature of our concepts shows, how- 
ever, that in adopting this attitude we are in the state of 
mind of a person who while practically concerned with the 
two dimensional space provided by the surface of a sphere is 
under the impression that he is dealmg with a plane. He 
will of course be inclined to argue that no matter how big a 
piece of his space you mark out he can always find more space 
outside. It is easy for us to see in what direction this in- 
dividual has gone astray in his thinking, but our intuition 
does not help us so readily in the three dimensional case. 
We can perhaps best understand the matter if we first try to 
set our two dimensional friend right in his own language, 
rather than by asking him to picture himself as on a sphere in 
three dimensional space. For if he is a true two dimensional 
being, he will be as mystified by being asked to contemplate 
that situation as you may be if I ask you to picture yourself 
living in a three dimensional space which is embedded in one 
of four or more dimensions. Let us therefore talk to our two 
dimensional friend in his own language. I shall accompany 
my remarks to him with certain three dimensional side re- 
marks to you, so that you and I may appreciate what we are 
driving at. Let us start our two dimensional friend out from 
a point we will call the south pole of his sphere, and let us 
start him along a meridian circle, and tell him to go on and 
on along a shortest distance line. He will travel along that 
line and will conclude that his distance from his starting 
point is continually increasing. Let us ask him to start some 
of his friends off on like journeys, so that they all start out 
from the pole in equally spaced radial directions. Fig. 19 A 
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represents the picture of the journey of these persons as you 
and I see it. I shall ask him to draw a map of these jour- 
nies, and he will probably draw something like Fig. 19, B. 



N, 



Fig. 19 

Our views of what is happening will not suffer any very dras- 
tic clash until he and his friends get to the point JV^. To his 
astonishment he will find that he meets all of his friends 
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whereas he thought them distributed around the circle of 
Fig. 19, B. There is, of course, no dfficulty about this meet- 
ing to us. The disagreement between him and ourselves is 
very like the disagreement between a map of the world drawn 
on a sphere and one drawn, as one of the usual projections, 
on a plane. The north pole on the sphere is a point, but on 
the plane map it is spread out into a long line covering the 
whole of the top of the cha,rt. If our friend insists on trying 
to picture things in the light of his plane diagram, we shall 
have to tell him that he and his friends started to get fatter 
and fatter, as they traveled out from their starting point, 
but without knowledge of the fact, and that when they got 
out as far as the circle of Fig. 19, B, they were all so wide 
that they touched, and in fact enveloped each other all 
around the circle, and merged into one conglomerate being. 
The fatness is of a peculiar kind of fatness which makes the 
being swell out into a thin shell. That is the best I can do to 
satisfy our friend when he has reached the circle. But there 
is worse to come. Let him and his friends continue what I 
regard as his journey around the sphere. They will begin to 
separate once more but eventually they will meet again at 
their starting point. W e may suppose that they left a flag at 
their starting point so that they will know that they have 
returned to that very point. Our friend will argue that he 
certainly did not retrace his path. We grant him that, 
because if the globe happened to have towns and countries 
on it, we know from our own view of his journey that he must 
have encountered, on the second half of his journey, scenery 
different from that encountered on the first half. He wdll, 
in fact, encounter on the second half the sceneiy encountered 
on the first half of the journey of one of his fellows who started 
out in exactly the opposite direction. In terms of his own 
chart he has traveled along the SPQNiNiN^TS. I 
shall have to tell him that on accotmt of his wideness on the 
circle iViWa . . ., and of his lack of appreciation of it, the very 
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great journey NiN^Nz, which his chart indicated to him, 
seemed like nothing to him. But he may say “Yes, I can 
swallow all you have told me, but what was there outside that 
circle NiN« . . . ” I tell him that the outside of that circle 
represents nothing at all, just as the region outside of a map 
of the world completely drawm on a plane chart represents 
nothing at all. “But,” says he, “when I was on that circle 
could I not look outside of it ? I think that if I should stand 
on that circle and look backwards I should see all the scenery 
which I have passed, and I think that if I should look forward 
into the region beyond that circle I should see nothingness. 
Does this not tell me that there is a difference between what is 
behind me and that which is in front of me ? Can I not put 
one foot forward into that forbidden region?” It looks as 
though he has caught me, does it not? However, let us 
pursue the matter to the bitter end. In order to see any- 
thing at all it is necessary to invoke the agency of light. 
For our two dimensional being on the sphere these light rays 
would have to bend around the sphere and cling to its surface. 
To invoke any other supposition would be to deny our original 
hypothesis to the effect that our two dimensional being was con- 
scious only of two dimensions, the two dimensions associated 
with the surface of the sphere. As a matter of fact, if the 
rays of light travel by the shortest paths in the sense in which 
the great circles represent the shortest paths, they will 
travel along the great circles. That they would do so is not 
fundamental to the continuation of our argmnent however. 
For definiteness we shall assume it although all that is neces- 
sary is that the light shall stick to the sphere. So I shall 
say to our two dimensional friend; “Come, let us stand 
together on this circle which bounds you from the forbidden 
region, and let us discuss what we shall see and what we can 
do. Let us stand at the point Q just inside the circle but 
near to it. Now, if you look behind you you will see the 
scenery which you have encountered on the way. If you 
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look ahead, the rays which enter your eye will be such rays 
as have come in by the path STN3N2N1Q. And, as a matter 
of fact you will see the scenery which has been encountered 
by your friends who started off from S in directions just the 
opposite of yours. As you turn your head completely 
around, you will see scenery all around you, you will see 
nothing of that void which you have drawn outside that 
circle on your drawing paper.” “But,” says our friend, 
“if standing at Q I put my foot forward, can I not put it 
into that region?” “Well,” I say, “let us spell out just 
what would happen if you tried.” In order to tell my two 
dimensional friend what would happen, I shall think of the 
point q on the sphere Fig. 20, A. It is very near the north 
pole. I see that if I put my foot forward I shall slip over 
the north pole and land at some such place as a. On my 
way I shall kick over such objects as d, c, b. So I tell 
my two dimensional friend that if he puts his foot, as 
he thinks, straight forward, it will, in his plane figure. Fig. 
20, B, traverse the path Q, Ni, Ni, Ng, A, and kick over such 
objects at D, C, B. Suppose our friend puts his foot forward 
a little to the right. On the sphere I see that he will trace 
with it some such path as qlm which does not pass through 
the pole. I can see what this path means on the plane 
diagram by thinking of its intersection with the paths of 
the various friends of the two dimensional person who 
started out with him from S. In this way, I see that on the 
two dimensional diagram he will move his foot in some such 
direction as QLM. This distance will not seem long to him 
because most of it is in the circiunferential direction which 
means very little to him since he is so near the circle IViNgFg. 
And so, we see that in whatever direction our two dimen- 
sional friend puts his foot forward when he is at Q or g which- 
ever W'e wish to call it, he will land in territory already 
included in the circle NiNgNg. There will be nothing ‘in 
either his visual picture or consciousness which will have any 
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counterpart to the region “outside” of the circle NiN^Nz. 
What we have really shown is that there is no experience which 
is denied him when he is at q, or Q ? as a result of our saying 
that the region outside of NiN^Ns has no counterpart in nature. 



Everything looks and feels perfectly normal back and forth, 
left and right. We have seen that if he actually existed on 
the plane diagram with the adjustment of dimensions as he 
moved about, and the adjustment of the paths of the rays of 
light necessary to insure that he met his friends at W, and 
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met them again when to his surprise he found himself at the 
starting point after a long journey, then, even on that plane 
diagram the region outside of NiNJSfs would have no meaning 
in his actual experience. At each point of his actual journey 
space all around him would appear filled with scenery in a per- 
fectly normal way. Our two dimensional friend finds that 
the whole of space is finite. He experiences no boimdary 
to it by any of the tests he applies, and the boundary which 
actually makes its appearance m the flat representation of 
it has no counterpart in his consciousness. 

Now we may extend all of these arguments to a three 
dimensional case. I say that three dimensional space can 
be finite and unbounded in a non-Euclidean geometry, and 
that a person traveling out in a shortest distance line may, 
after a certain time, find himself back where he started. I 
say that under these conditions, starting from a certain 
point, he can never get farther than a certain distanced? 
from that point. Let us show how such a situation is 
possible. 

Let us start from a point 0 and draw out into space a 
number of uniformly spaced radial straight lines of length R. 
All of these lines end on a sphere of radius R. Let this 
sphere be an ordinary sphere in Euclidean space. The 
radial lines are going to represent the paths of travelers who 
start out from 0, and the representatives of all points in the 
actual non-Euclidean space are to be found within this 
sphere. Now this sphere, as it stands, does not represent 
what will be our actual impression of the space. This 
sphere is analogous to the plane charts of Fig. B and 
Fig. 20 , B. It has a boundary — a spherical surface, which 
is analogous to the boimdary circle NiNflsfz. It is a bound- 
ing surface which will not be perceived by an inhabitant of 
the space. 

I now have no higher dimensional space in which I can 
discuss with you, on the side, the experiences of our inhabit- 
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ant of three dimensional non-Euclidean space, at least I 
do not wish to invoke such a higher dimensional space. I 
must make the discussion entirely in terms of the Euchdean 
sphere which I have supposed dravm, just as I had to con- 
fine m3i'self to the two dimensional plane chart of Fig. 19, B, 
when I made the discussion above with the two dimensional 
person. 

Let us then imagine a lot of travelers to start out from the 
center O of the sphere radially and uniformly in all directions 
along shortest distance lines. The shortest distance lines 
in our Euclidean picture will be straight lines, just as they 
were straight Imes in Fig. 19, B. All goes well until the 
travelers have traveled the distance R, by which time accord- 
ing to the Euclidean three dimensional picture they should 
be far apart, distributed over the surface of the sphere. In 
practice they will have come together agam.* If we re- 
tained the Euclidean picture we should have to suppose that 
unbeknown to themselves they had become very fat and tall 
with a peculiar kind of fatness and tallness which made the 
body of each blow itself out into a shell, so that the face and 
front of the individual was the exterior of a spherical shell 
while the back was the interior of the shell. In the actual 
space the travelers now contmue on their journeys. They 
part once more, and eventually meet at the point 0 . The 
Euclidean picture makes the traveler go out radially to the 
sphere of radius R. Then, he shoots over to the diametri- 
cally opposite point on that sphere, and continues his jour- 
ney onwards towards the center. The journey over the 
surface of the sphere seems no distance at all to him in view 
of his distortion in the scale of measurement for distances 
measured on the sphere. For the same reason, moreover, 
he is not conscious of any change in the nature of his jour- 
ney when, in the Euclidean sense, he shoots over from one 
point of the sphere to the diametrically opposite point. 

* We are here taking, of course, a special example of a non-Euclidean space. 
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Again, if the rays of light travel shortest distance lines in 
the non-Euclidean space as, according to the theory of rela- 
tivity they do, the representation of the path of a ray of light 
which enters the eye of an observer who has traveled a dis- 
tance almost equal to R and looks still onward is such as is 
represented in Fig. 21 by 
ANzNiNiQ where Q is the 
representative position of 
the traveler on the Euclid- 
ean model. The traveler 
sees one of his friends com- 
ing towards him, the friend 
who on the Euclidean model 
is at A. Just as before, if 
our traveler at Q looks 
around him he is not con- 
scious of any void outside 
the sphere of radius R. 

Even on the Euclidean 
model all rays of light which come to him travel their course 
within the sphere. 

To ask what the space outside the sphere means is like 
asking what the space outside the circle of Fig. 20, A, means ; 
and, to ask that is like asking what the space on another 
piece of paper means. 

A non-Euclidean geometry does not of necessity lead to 
the conclusion that space is finite in extent. Thus, in the 
Einstein gravitational theory, the space in the vicinity of 
any star, planet, or other attracting object is of necessity 
non-Euclidean, and it is the non-Euclideanness of the space 
which provides for that influence of the body ■which in the 
older language we attributed to gravitational force. It is 
customary to speak of the space as being bent, or warped 
in the vicinity of the body ; and, as far as the main gravi- 
tational influence of that body is concerned, the space may 
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assume ordinary Euclidean characteristics as one goes far 
away from the body. The study of the heavens as a whole, 
however, and of the distribution and behavior of the stars 
therein has led relativists to superpose upon the special space 
warping characteristic of the indhddual bodies, a general 
space warping which is the kind of warping we have spoken 
of in our discussion of finite but bounded space. It would 
take us too far afield to describe all of the elements which 
have played a part in this involved field of theoretical 
physics. The developments associated with the most recent 
ideas involved in the theory of an expanding universe have 
resulted in throwing over the idea of general universal space 
warping, and returning to a view in 'which space is in general 
Euclidean except for distortions in the vicinity of the indi- 
vidual cosmical objects — planets, stars, etc. Since this 
matter is in the melting pot, even at the present time, 
however, it may not be without interest to remark that in 
terms of those theories which invoked, for the universe, a 
fiinite but unbounded space, the time taken for a light ray 
traveling at a speed of 186,000 miles per second to go 
around the universe and return is about 6700 million years 
or more. Thus, if you should step off the earth, look through 
a sufficiently powerful telescope and w^ait for 6700 million 
years you might see the back of your head. 

An Analogy Illustrating the Relation between Gravitation as 
Viewed on the Einstein and the Newtonian Theories. It may 
seem strange to the reader that two theories of gravitation 
so different in their languages as the relatmty theory and 
the Newtonian theory should cover so closely the same facts 
as regards the general laws of astronomical motion. Per- 
haps a very crude analogy will be helpful, in contrasting 
the way in which the motion of a planet aroimd the sun is 
described m the spirit of the Newtonian theory and m the 
spirit of the relativity theory. 

Suppose that Fig. 22 represents a crater with a house 
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in the middle, and that a traveler sets out to go from A to E 
by the shortest path. He will not necessarily pursue the 
path ABHDE leading down to the bottom of the crater, 
and through the house because that may be too long. Nor 
will he necessarily go by the path ABODE, because that 
may be too long. By taking some such course as ABFDE 
crossing the crater part of the way down, it is possible that 
he will find a path shorter than any 
other, and this is the path he will 
take. Suppose now that while this 
is true, we know nothing about it, 
and that we find ourselves seated 
high up in an airplane watching the 
spectacle. Of course I shall not see 
the crater as such, everything will 
appear flat. I shall see the traveler 
going from A to E, and shall wonder 
why he does not go straight across 
and through the house. If I have 
been taught in my youth that a 
body moves in a straight line unless 
a force acts on it I shall conclude 
that the house repels him. Having come to this interesting 
conclusion, I shall ponder over the reason why the house re- 
pels him. Possibly I shall receive a sudden mspiration which 
will lead me to believe that the house contains a man, who 
is provided with a hose which he plays on the traveler, com- 
pelling him to keep away from his property. I may be able 
to describe the traveler’s path very accurately in terras of 
the hose. Now if you are philosophically mclined, you may 
doubt the reality of this explanation , and ask me w'hether I 
am certain that there really is a hose in that house. Of 
course, if you press me hard enough, I shall find difliculty in 
proving that there is. If you worry me enough, however, 
I shall get very angry with you and call you an impractical 
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philosopher, a metaphysician and all of those objectional 
things which physicists caE each other when they are angry, 
and which correspond to the designations, Bolshevik, Red, 
etc., in the world of politics. However, feeling the need of 
saying something to your arguments, I shall finally talk to 
you in this way: “I care not whether there is or is not a 
hose in that house. So long as by picturing one there, and 
expressmg the traveler’s motion in terms of its influence I 
can predict results which are true, I am on perfectly firm 
ground. I am responsible to no man for how I think so 
long as my conclusions are correct.” Having said this, I 
shall feel that I have justified my attitude, and confounded 
you completely. In fact, I shall begin to feel a bit of a 
philosopher myself ; but I shall continue to enjoy, secretly, 
the picture of this hose and the various details of its action. 
I shall think all sorts of things about it which I shall never 
dare to tell you lest you should laugh at me. I shall wonder 
what the density of the liquid composing the hose stream 
may be, what its boiling point may be, and so forth, and I 
shall thank heaven that I am not like you who have no 
hose to aid you; for I shall wonder how your mind can 
think at all unless it has something to think about. Now 
suppose that while I am doing all this you should bring me 
some observations which show that the motion of the traveler 
was not exactly what we thought it was. The difference 
might be very small in amount, but very large in principle, 
and it might be of such a nature as to upset completely the 
simplicity of the action which I had imagined as going on 
by virtue of the hose. Of course, I shall not discard the hose. 
I have spent too much work on the hose. I shall apologize 
for the hose. I shall say, “Naturally this is no ordinary 
kind of a hose. Possibly it does not push entirely in the 
direction in which the stream of liquid travels.” I shall 
proceed to modify the hose. But now I shall have a 
terrible time. The hose was never chosen to fit the kind of 
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circumstances it now has to deal with. It was chosen for 
quite another purpose; and, while the discrepancies which 
I am trying to provide for in my modifications of the hose 
may be small in amomit they may involve such radical 
alterations in my notions of the mechanism of the process 
that the hose which I shall have to picture will be radi- 
cally different from any hose which I have ever seen. I 
shall go on in this way, modifying and adjusting the hose, 
making it more and more difficult to understand ; and, for- 
getting that the original justification for its introduction 
was its apparent power to explain what was observed in 
terms of something which I thought I knew all about, I 
shall soon be in the position of expending 99 per cent of my 
ingenuity in tr>dng to understand the hose, leaving only 
one per cent for the law of the traveler. Now suppose that, 
while I am doing this, and am feeling rather disheartened 
with my lack of success, you should come to me and say, 
“1 have made a discovery. I do not know why the traveler 
moves as he does, neither, I think, do you, but I have foimd 
exactly how he does move. He is moving from A to E by 
a path which is the shortest distance between those two 
points, not as the crow flies, but across a crater whose form 
I can describe to you in a very elegant way.” I shall say 
to you, “How did you learn the form of this crater?” You 
will reply shamelessly to the effect that you determined it 
so that it must fit the facts. “Ha !” I shall say, “ I knew 
there was a catch in it somewhere.” “But wait,” you say. 
“In spite of the fact that I determined the form of that 
crater so as to fit the path of the traveler, I found that 
when I had so chosen it, it also told me the story of the mo- 
tion of that little stream down there, and it told me correctly 
the path of that cow. Moreover, I only guessed its form 
to the extent of its giving me the law of motion of the trav- 
eler in a general way to the degree of accuracy that vre knew 
it before these refined considerations which caused you so 
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much trouble with the hose were invoked. Then it itself, of 
its own accord, gave me those refinements.” Suppose, you 
should say this, and should add : “Now, I am going to take 
this statement of the law as my starting point. If there is 
to be any hose in the matter, it is the hose which is going 
to be explained in terms of this fundamental law, and not the 
fundamental law in terms of the hose.” I think I should 
have to admit that your attitude was at least reasonable. 
It is a change of vie'wpjoint of this kind to which we have to 
adapt ourselves in passing over from the Newtonian descrip- 
tion of motion to that adopted in Einstein’s theory of gravi- 
tation. 


Chapter X 

Space and Time 

A certain native teacher in one of the British possessions 
was expounding geometry to his class. lie drew upon the 
board a figure thus 1 _ “That,” said he, “is a right angle. 
Now you might naturally thmk that this (here he drew _|) 
is a left angle ; but, by order of the British government, 
that is a right angle too.” 

Suppose that I draw two points P and Q, Fig. 23, in the 
plane of the paper, and draw two mutually perpendicular 
axes OX and OF in terms of which to locate them. I say 
that their x distance is AB, and their y distance is CD. 
Suppose now that you draw two other mutually perpendic- 
ular axes OX' and OF' in terms of which you decide to locate 
these points.* You will say that their x' distance is A'B' 
and their y' distance is C'D'. 

Now for the purposes of the present discussion it will be 
quite safe to assume the Pythagorean theorem, and so it 
will follow that 

(ABy + (CDy = (A'By -p (c'd')" (i) 

because each side of this equation is equal to How- 

ever, for the present, I wish to suppress your knowledge of 
this latter fact, and suppose only that you and I know that 
(i) is true. Suppose now I start to assert some peculiar 
importance as attaching to AB and CD which I claim 
does not apply to A'B' and C'D'. Suppose I say that AB 

* .The reader should imagine the two figures, superposed so that for one fig- 

ure coincides with for the other, .We have separated them for clarity. 

■355 ' . 
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is east and west, and CD is north and south, and that there- 
fore tIjB and CD mean something, whereas A'B' and C'D' 
do not mean anything in particular. Suppose I wish to 
regard A'B' as a peculiar combination of an eastwest line 

with a northsouth line. You 
will naturally say that I am 
talking nonsense, and am like 
the native teacher of geometry 
who did not lilce to turn the 
right angle around. You will 
tell me that both the pairs AB, 
CD, and A'B', C'D', are per- 
fectly arbitrary, depending upon 
the way I happen to have drawn 
the axes m space, and that there 
is nothing that I can claim for 
AB and CD that you cannot 
claim equally well for A'B' , C'D'. 
You will tell me that the real 
thing which is characteristic 
about the pair of points P and 
Q is their distance PQ. Then 
having perhaps observed that 
both {ABf -h {CDf and {A'B'f 
-f (C'D'y are equal to {PQy, 
you will sum up the situation 
by the following statement : 
“The thing characteristic of 
the points P and Q is their 
distance apart PQ. One of us, by choosing axes in one 
way has split {PQY up into two parts {ABY and (CD)^, 
and the other, by choosing the axes in a different way has 
split {PQY up into two parts {A'B'Y and {C'D'Y- There 
is no absolute meaning to AB or to CD, by themselves.” It 
may be that aU my life I had used red scales to measure the 
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AB Imes and green scales to measure the CD lines. You 
would point out that I might just as well have used red 
scales to measure the A'B^ lines, and green scales to measure 
the C'D' lines. You would be inclhied to say distances 
and y distances have in their owm right no mean hig fo r a 
pair of points, and only a sort of blend of tlie two (V ■+• y^) 
remains.” You wall observe that the thing which really 
gives strength to your argument is the fact that m both sets 
of measures there is a quantity (/ID)" + (CD)- for you and 
(A'B')^ + (C'D')- for me wdiich are the same. Of course 
an exactty similar situation holds for three dimensions. 
Thus, suppose I choose three mutually perpendicular axes, 
OX, OY, and OZ, in terms of which to locate the points P 
and Q, and suppose the i^rojections of PQ on these axes are 
AB, CD, and EF respectively. .Suppose further that you 
choose another set of three mutually perpendicular axes, 
OX' , OY', OZ', on which the corresponding projections are 
A'B', CD', E'F'. Then, of course (ABy + (CD)^ + (EFf 
= (A'B'y + (C'D'y + (E'F'y. There is nothing absolute 
in any of these three components AB, CD, or EF. The only 
thing which is really characteristic of the pair of points is 
their distance PQ, which is the same for me as for you. 

Now, you may have felt that what I have said above is 
all very obvious and need not have been said at all. My 
main difficulty has been to show that there wms anything 
to say which was worth while saying. Of course space is the 
same in ail directions you will say. There is no meaning 
to saying that there is so much x-ness or so much y-ness, or 
s-ness to the distance between two points. For one person 
it means one thing, for another person it means another. 
Very w'ell! But I wmnder if it will seem so natural to you 
if I maintain that, in the case of two events occurring at two 
different places and times — the bumping of two heads in 
Chicago on January i, and the slipping of a pedestrian on a 
banana skin in London on June lo — there is no fundamen- 
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tal meaning to speaking of the distance between these two 
events, and the difference of the times at which they occur. 
And yet, that is just what the theory of relativity asserts. 
We have seen that even on the restricted theory of relativity, 
if two events occur at the same time to one observer, they 
could not occur at the same time to an observer who moved 
relatively to the first-named observer. Moreover, if the 
times of the events were different for both observers, they 
would be different by different amounts. Moreover, the 
distances between the two events would be different for the 
two observers. Yet, we have maintained, and given con- 
clusive reasons for the assertion that there is no basis for 
the belief that one observer’s distances and times are wrong 
and the others right. All are on an equal footing. 

Now, it can be shown from the equations (i)-(4) of Chap- 
ter VIII on the restricted theory of relativity, that there is 
one quantity on which all observers would agree as charac- 
teristic of two events. It is the quantity 
where x, y, z, are the coordinate distances between the two 
events, t is the difference between the times of the two events 
and c is the velocity of light. In other words, if two ob- 
servers, moving relatively to each other in the sense of the 
restricted theory of relativity measure the positions and 
times of the two events, and if the differences of the posi- 
tions are x, y, z, for one observer, and x', y' , zVfor the other 
observer, and, if the difference of the times is t for one ob- 
server and t' for the other ; then, in spite of the fact that 
x', y', z' are different from x, y, and z, and that t' is different 
from t, it will nevertheless be true that 

^2 -1- / -1- z^ - = -h -f z'^ - cH'^ 

We observe how closely analogous this situation is to that 
pertaining to space alone. If we alter the unit of time so 
that instead of being one second it is a very much shorter 
interval, an interval of i/c seconds, i.e. 1/300000C0000 of a 
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second, then with time measured in that unit and denoted 
by T, the above relation would become 

a;2 3^2 + ^2 _ P ^ 3/2 ^ s/2 _ 2''2 

If only it were not for the minus sign, each of these quanti- 
ties would be to their respective observers \vhat we might 
call the square of the distance between the two events in the 
four dimensional space time, just as ar + y' + s‘ represents 
the square of the distance between the two points in oiviinaiy 
space, and represents the square of the distajice be- 

tween tw'o points in two dimensional Sf)ace. I'hc mathe- 
matician, tempted by/ the analogy, makes a still further 
change in his unit of time, and chooses what he calls an 
imaginary unit, in terms of which the minus sign becomes 
converted into a plus. I do not intend to be so cruel, how- 
ever, as to add this medicine to the many unpalatable things 
which it has been necessary/ to say in connection with the 
theory of relativity. I need go no further than to emphasize 
again that space and time, as exemplified by/ x, y, z and t do 
not mean the same thing to two different observers moving 
relatively to each other.* The thing w/hich is the same to the 
two observers is -f 'f' + 7} — cH^ or x'^ -j- z''^ — cH'^, 

whichever way we like to write it. Although the same for 
both observers, however, it is, as it were, made up out of 
different proportions of space and time contributions for 
each. There is no basis for say/ing that one observer has the 
true space and time measures, and the other false ones, 
any more than in ordinary two dimensional geometry we can 

* One may justly feel that a extraneous element^is introduced in Invoking 
relatively moving observers in the discussion. The fact is. that we real.^ need not 
invoke lliein. I'hose familiar with the technique of the subject will appreciate 
that a single observer could use any set of measures y% f , obtained b}?” sub- 
stituting .any v whatever in Ci)““(4)-^of Chapter VIII, and provided he worked .con- 
sistently throughout, lie would, in the' last analysis predict exactly the same results 
as if he had used any otlier v, or in particular v == o. .When we refer to the Ipt 
analysis we refer to the final pred.ictionnf the coincidences observed, the predictiem 
of the etwnis. 
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say that one person who has drawn his axes in one way has 
the true x and y differences between two points, whereas 
the X and y distances obtained by someone else who has 
drawn his axes otherwise are false. Just as in two dimen- 
sions we can say in speaking of two points that x distance 
and y distance have in their own right no existence, and only 
a blend of the two remains, so in the four-dimensional space 
time of the theory of relativity we can now say in the words 
of the famous Relativist and mathematician Minkowski, 
“Henceforth, space and time have no meaning in their own 
right, and only a blend of the two remains.” Perhaps you 
feel unconvinced. I don’t blame you. You feel that there 
is something more to be said. Yes, I think there is. Pres- 
ently we shall say it. 

While the details of the matter are rather too involved 
for exposition here, this merging of space and time into one 
concept becomes exemplified in the general theory of rela- 
tivity in the sense that the individuality of time as such and 
space as such is not something which is retained on trans- 
formation from one system of measures to another system 
which may be equally valid for the expression of the laws 
of nature. 

General Laws versus Particular Cases. Suppose in pre- 
relativity physics, I should write down for you any law of 
nature, such as the law of gravitation, in which space and 
time figured, let us say, the space coordinates, x, y, z of a 
planet and the time coordinate t. If I should change the 
letters x, y, and z to, let us say, p, r, q, respectively, without 
telling you which letter referred to x, which to y and which 
to z, you could not find out which was which from the forms 
of the laws themselves. The general laws are perfectly 
S3Tnmetrical in x, y, z, and if you change any two of them 
the laws look the same as before. Of course, you say that 
is obvious. The laws must be s 3 Tnmetrical in all directions 
in space. I pause to point out that they need not have been, 
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however. If the universe had been built in a kind of big 
cr3rstal the)’ would not have been symmetrical in this way. 
They would have been different along the axes of the crystal 
from W’hat they were in other directions. “But,” j^ou will 
say, “the universe is obviously not built in a big crystal.” 
What is jmur criterion for the statement, however ? I need 
hardly point out that I simply use the term big crystal as 
s>Tnbolic of a lack of uniformity of properties in different 
directions; and, in this sense, Avhen w'e confine our ex]:>res- 
sions of general laws to forms which are s\-mmetrical in tlie 
space coordinates, we are doing the equivalent of assuming 
that the laws of the universe are symmetrical in space. 
This s>Tnmetiy in space W’e of course recognized in pre- 
relativity physics. Suppose nowq returning to our illustra- 
tion from astronomjq I should change x, y, s, t, to p, r, s, q, 
in the general law's of pre-relativity physics, wdthout telling 
you how I had made the change. Then , I could not deceive 
you as to which of those letters p, r, s, q, had replaced t. I 
could deceive you as to the mutual relationships of the 
others. The relationship could be one thing or another, 
and it would make no difference, but t knows where it be- 
longs in the equation. 

Now in the form in which the law's appear in the general 
theory of relativity, the space and time coordinates all occupy 
exactly similar positions in the equations. I could interchange 
them in the general equations in any w'ay I liked, and you 
would not have a ghost of a notion which was which. They 
would all look exactly alike. Here then is another aspect 
of that merging of space and time which we have already 
discussed. If I confine myself to the general laws of the 
relativity theory, there is no particular case consistent with 
them in which you can find that x varies with the time in a 
certahi way such that I cannot find an equally good solution 
in which the time varies with x in the same way that x varied 
with the time in the other solution. In making this state- 
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ment, I have to include, however, all of those solutions of the 
general laws which involve what the mathematician calls 
imaginary numbers, as well as those solutions which involve 
ordinary numbers. Now, I must not stop to discourse on 
the significance of imaginary numbers. Perhaps all that 
it is relevant to point out can be discussed in general terms. 
I have already emphasized elsewhere in this book, that the 
meaning of the term “law of nature” requires careful inter- 
pretation. We speak of the Newtonian law of gravitation 
as a law of nature ; but, it will not give us the orbit of Mars 
without the assignment of additional information. You 
must give the position and velocity of Mars at some instant, 
and then the Newtonian law will complete the story. I have 
above remarked that the laws of the general theory of relativ- 
ity are less specific than is the Newtonian law, for example, 
so that they have to be supplemented by more information ha 
order to complete the story. A crude analogy is found in a 
comparison of the laws of a country with the laws for a cer- 
tain group. The laws for the country apply to all the indi- 
viduals therein, and restrict their actions in a general way. 
Then, a particular case is to be found in that group of indi- 
viduals called doctors. The laws of the country apply to 
them, but they also have certain restrictions of their own, 
which while they do not clash with the laws of the nation 
prevent that particular group called doctors from doing all 
the things that would be permitted by the laws of the nation 
as a whole. We could imagine a rather general set of laws 
applicable to individuals on all planets. Particular cases of 
its application would be found in the people on this earth, 
and in the people on some other planet, if there are any. 
But, these particular cases would have characteristics which 
were individual to them from the fact that they were particu- 
lar cases. Now the laws of the general theory of relativity 
permit all sorts of speciah cases. We are interested in that 
special case which is our universe ; and for this special case, 
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special features show themselves, features which are not 
common to all solutions of the general law. 

The general laws of relativity are perfectly SATnmetrical 
in space and time.* This does not necessarily mean that the 
particular solution of them which constitutes our universe 
will be symmetrical. It is not even sjunmetrical in the 
space measures. If I point a telescope at the Pole star and 
photograph the constellations, and, if I then go south and 
point it at the Golden Cross, and again photograjdi the con- 
stellations, I am not surprised that the two photographs 
are not the same. It is cjuite true that if the present u!ii\'erse 
has a certain constellation A in the north, and anollier con- 
stellation B in the south, another universe should be possil)le 
in which B was in the north and A in the south. But, the 
general laws of nature may not even permit of a solution in 
which both of them exist together. I, a human being, am 
an unsymmetrical structure. I might have been born with 
my head to the north and my feet to the south or vice versa, 
or with my feet east and my head west or vice versa ; but I 
must not conclude from this that it is possible to give birth 
to human beings who are spheres. One-sided solutions may 
be the only possible ones in the universe, even though the 
one-sidedness may be in any direction I please. Whether 
there happens to be lack of complete symmetry in the uni- 
verse because there could not be anything else, or whether 
there is lack of sjunmetry Just because the universe happens 
to be that way, the fact is that there is a lack of s}mimetry 
in space, and I am not surprised at it. In going from south 
to north, I go from Philadelphia through New York to 
Canada, and so have a set of experiences which are quite 
different from those which I encounter when I go from west 
to east, in which case I cross the Atlantic ocean. 

And so, while the general theory of relativity, interpreted 

Again ill the, sense whicli' iB.volves the use of both real and imaginar}^ num- 
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in its fullest generality in terms of all the solutions which it 
will permit, is perfectly symmetrical in space and time, the 
solution which constitutes our universe is not so symmetrical. 
The events which are associated with my going along the 
axis of 2 (let us say north and south) are quite different from 
those associated with my going along the axis of t, for in 
the former case I get to Canada while in the latter case I die. 
This difference, which is of no particular moment to the 
general equations of relativity, is a matter of considerable 
concern to me and my kind who live in this universe, and 
is one of the elements which differentiate time very clearly 
from space in my consciousness. 

Why CanWe Not Remember the Future? Once more I wish 
to invoke my professional privilege of being surprised. I 
am surprised because I cannot remember the future. If 
you quarrel with the word “remember,” I am willing to let 
it go, and substitute for it the phrase “become conscious of.” 
You will ask me why I expect to become conscious of the 
future, and I say, “because I am conscious of the past.” 
“Ah ! but that is a very different matter” you will teU me. 
“The past has happened, and the present is determined by 
a continuous series of connections with what has happened 
in the past.” You will tell me that somehow or other the 
brain is conscious of the connection between the present 
and the past in the same way that the mathematical equa- 
tions which determine the present from the past are, as it 
were, conscious of that past. You will point to the heavens 
as an illustration. You will tell me that, a million years 
ago, the planets and stars were in certain positions and had 
certain velocities, and that it is because they had those posi- 
tions and velocities then that they are where they are now. 
You will remind me that the astronomer can calculate the 
positions and motions in the future from a knowledge of the 
positions and motions of what will then be the past, i.e., in 
terms of the positions and motions now. But all of this 
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leaves me unimpressed, because I remind you that not only 
can we calculate what is happening now in tenns of what has 
happened in the past, but we can also calculate, and in the 
same •way, what is happening now in terms of what will 
happen in the future. In other words, if you could specify 
to me the positions and motions of the stars and planets a 
million years hence, I could in tenns of the kno-v\n laws of 
astronomy, calculate what their positions and motions are 
now without actually observing them. The present is bound 
to the future just as rigidly as it is bound to the past. If 
you tell me that I remember the past because the brain is 
somehow or other conscious of this connection betw’een past 
and present in virtue of the law's wdiich govern its develop- 
ment from instant to instant, I am at a loss to know why 
it is not also conscious of that equally strong connection be- 
tween the present and the future. To be so conscious could 
mean that the mind located in its consciousness the events 
which will happen in the same way as it locates in its con- 
sciousness the events which have happened; and, for the 
same reason, the connection of both past and future wdth 
the present through the general scheme of laws w^hich deter- 
mines the development of the imiverse as a ■whole, and the 
brain itself as part thereof. What then is it that is peculiar 
to the past as distinct from the future, and what is the real 
significance of our consciousness of the past? Certainly 
that consciousness cannot be bound up immediately wdth 
the time continuity of events symbolized by the funda- 
mental law^s which control the phenomena, otherwise we 
would be conscious of the future as much as of the past. 
How else can we tie up consciousness 'with the sequence of 
events in our lives. My life is composed of a set of 
events. I toddle as a baby. I walk wdth a stick after the 
maimer of what we call old men. I go to a dance. I 
graduate from college. I change from baby’s clothes to 
those of a boy and so on. Somehow or other I have 
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arranged these events in a series such that in terms of 
what I call the present event — my writing of this book — 
I am conscious of all the events to the left and unconscious 



of all the events to the right. In the four dimensional space- 
time, my life is marked out like a geometrical pattern. I 
stand at a certain point (or event) in that space-time. Some 
of the events in that pattern I am conscious of, others 
I am not conscious of. It is as though in the three dimen- 
sional geometric pattern which constitutes my body, I were 
conscious of my toes and of my head but not of my legs and 
fingers. I think we must regard as an illusion the idea that 
the progression of time constitutes the starting point upon 
which the consciousness of the progression of events is 
founded. The starting point is that, for some reason or 
other we arrange the events in a certain order, and that order 
provides for us a consciousness of the progression of time. 

Suppose for the moment I adopt the unsophisticated 
primitive view of progression of time as regards my own life ; 
I want you to imagine that I witness a curious phenomenon. 
Today I see a being born, he is a baby. Tomorrow — my 
tomorrow — I see him as an old man with white whiskers 
and false teeth. On the day after tomorrow — my day after 
tomorrow — I see him as a young man getting married. On 
the next day — my next day — I see him as a youth going 
to school, and so on. I imagine that if I could convey to 
this being the consciousness of what I had seen concerning 
him he would be very surprised and think me a lunatic. He 
would think I had got time all mixed up. His time scale 
would be formulated by him for himself in such a manner 
that he would grow older continually in the ordinary way. 
When he was about to get married he would remember what 
he regarded as his past — his going to school and so forth — 
but would not be conscious of his state as an old man, while 
to my way of thinking he passed through the white-bearded 
stage before he went to school. 
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Fortunately for the consistency of nature we all do agree, 
however, upon the progression of time. We all get older 
together, and your opinion as to whether or not I am getting 
older agrees with my own. For some reason or other, there- 
fore, all people arrange the events of their lives in sequences 
which are in harmony with one another. We remember the 
events to the left of the event which is happening and are 
unconscious of the events to the right. How’ does this come 
about ? 

Let us start out with our primitive notion of time progres- 
sion in which I live my life, and suppose that when an event 
happens it produces a characteristic change in my state. I 
may typify such a change in a crude way by supposing that 
it means the death of some cell in a certain part of my brain. 
The occurrence of some other event means the death of three 
other cells in another part of my brain and so on. Let us 
suppose that it is characteristic of these changes that they 
never go the other w^ay. They never “unhappen.” I want, 
in fact, to picture a condition where in any state of my exist- 
ence I can find in myself a record of all events which have 
happened and none of events which have not yet happened 
but will or may happen. Now let me remove that primi- 
tive time concept with which we started, and. let me look at 
this set of states without relation to it. Write a descrip- 
tion of the various states upon separate pieces of paper. 
Shake them up in a hat and throw them on the table. Now^ 
I will ask you to proceed to order them without any previous 
knowledge of my time scale. The law of ordering shall be 
that you arrange them from left to right in such a manner 
that as we go along the line, the number of “records” of 
events increases. This sequence really represents for me 
the direction of my time scale. It has of course the direc- 
tion of tlie time scale wdth which we started my explanation, 
except that I would have had difficulty in telling you what I 
meant by that time scale had you pressed me for an explana- 
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tion when I introduced it. I played a trick upon you in 
getting you to let me by with that time scale on which I 
mapped out the events of my life. I placed the cart before 
the horse. However, I need not have played a trick upon 
you. I apologize. These various states of which I have 
been speaking existed without any previous time scale on 
which to order them. I could have suggested the plan of 
ordering them without any reference to the time scale. We 
could have started with the records of the states mixed up 
in the hat, and the ordering of them would have constituted 
for me my order in time. Having ordered the states in the 
manner indicated, we see that if I take my stand on any one 
of them my consciousness of the past is bound up with the 
existence, in the state in which I stand, of a record of those 
events which I now call the events of the past ; and, my lack 
of consciousness of the future is bound up with the wow- 
existence in the state in which I stand, of the records of 
events whose records will be found in the states to the right. 

But my consciousness of the past is more detailed than 
has been provided for in the foregoing. As I sit here now, I 
am not only conscious of the things which have happened 
in my past and unconscious of the events to happen in the 
future, but I am also ww conscious of the order of the events 
in the past. A possible significance to be attached to this 
consciousness of order is not difficult to comprehend. My 
present state as regards records of events is a composite of 
past states, where, of course, by the past I now mean, as 
always in what follows, the past in the sense in which I have 
endeavored to define it. The conglomeration of states is 
added to in the matter of record of events as we go from left 
to right ; and, each state must retain in its geometry, some 
form symbolic of the order in which the picture grows from 
state to state. It is a recognition of this order which some- 
how or other provides us with a consciousness of the order 
of events in the past. 
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But now comes another difficulty. Having established 
my direction in time on the basis of an increasing number of 
records of events in my brain, how am I to know that it will 
agree wdth the time direction established in the same way 
by somebody else on the basis of his experience? What 
guarantee have \¥e that two people will not find themselves 
in the position of myself and the person whose birth and 
peculiar development to youth through old age we witnessed 
at the beginning of this discussion? We must be careful 
that we do not slide over this difficulty too easily. We must 
be careful that, having formulated a meaning to a time i)ro- 
gression based on the consciousness of events of one of us, 
we do not say “There, that is done. Now* we know' wliat 
time is and can go ahead without troubling any further.” 
We must be careful that w-e do not endow this time progres- 
sion manufactured for one of us with a lot of additional prop- 
erties provided by our primitive intuitions, and such as 
would lead us to say without further discussion “'Of course, 
the true scales must be the same for everyone.” No ! We 
must walk warily. Having realized the meaning of time 
progression for myself, I must construct a meaning for j’-ours 
in the same sort of w^ay, and must then consider wffiether 
these meanings must, or need not, agree. Perhaps the 
easiest way of seeing that they might not agree is to show’’ 
how, in imagination at any rate, matters could be arranged 
so that such would be the case. 

Let me invoke once more the assistance of that baby, and 
say a little more about him. When he was born he had not 
many records of events in his brain. On the following day 
— in my sequence of time — he was, as you will recall, a 
white-haired old gentleman. In this condition I shall fill 
his brain with the record of multitudes of events. On ‘ ‘ my ” 
next day he was to be a young man just about to get married. 
In this state I shall again adjust the records of events to a 
number appropriate to his age. And so I shall go on until 
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I have fitted his brain with, records of events for every stage 
of his existence. Now I must kill him; and, having com- 
mitted suicide myself let the two of us look back upon our 
lives, treating each state of our two existences as part of one 
greater state, the state of the universe as a whole. Now I 
maintain that everything wiU seem quite normal to him as 
far as he is concerned. He will order his time scale in a pro- 
gression of increasing numbers of records of events. He will 
see himself growing older in this time scale in a perfectly 
normal way. He will see the maximum number of records 
of events as depicted in his brain in old age. The only thing 
will be that he will be unable to understand what is the 
matter with me. I shall appear to him to have jumped 
about backwards and forwards between youth and old age 
in a most erratic manner. 

Now you must not say that on the second day (in my time) 
I really distorted what should have been a baby into an old 
man and then deluded the poor old fellow by filling his brain 
with hallucinations to make him believe that all sorts of 
things had happened which never could have happened to a 
being only two days old. If you do so accuse me of such 
cruelty, I maintain that you are taking that time scale which 
I am using too seriously, and have endowed it with a funda- 
mental rightness to which it has no just claim above that of 
any other time sca-le of the same character. You have let 
your intuition adorn this really arbitrary time scale with a 
fimdameaitality in nature to which it cannot lay claim unless 
we can see some way in which nature herself endows it with 
a right to that claim. 

You might think that I and this other being whom we 
have taken for comparison could find which was right by 
relating our experiences to the universe as a whole. How- 
ever, we should gain nothing by this. The forms of nature’s 
laws to him would be different from what they are to me ; but, 
he would formulate his laws to fit the facts in his time scale 
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and I should formulate them to fit the facts in mine. .\? 
a matter of fact, his laws would be obtainable mathemati- 
cally from mine in terms of a comparison of our time scales. 
Perhaps a simple illustration of this phase will suffice. Sup- 
pose that his time scale lams just opposite to mine. As 1 
get older continually in my time scale, he gets younger con- 
tinually. I can imagine myself standing by his side and 
saying, “Observe that ship sailing from the island to the 
shore.” He will reply, “ I see the ship, but it is sailing from 
the shore to the island.” “My friend,” I say, “that can- 
not be so, for you will observe that the ship is ix)inled from 
the island to the shore and if what you say is true it w’ould 
be sailing backwards.” “ I do not know what you call back- 
wards,” he replies, “but that ship is sailing as all other ships 
I have seen sail.” “But,” I argue, “you must be suffering 
an illusion, for nobody would design a ship to sail through 
the water in the way you think it is sailing. The force on 
the sails due to the wind would be wrong, the rudder would 
be wrong, everything would be wrong; The ship would not 
go. I can show from the laws of physics that it would not 
go.” “Let me see your laws of physics,” says he. I hand 
him my text book, and lo ! and behold they are the same as 
his.* Then, along comes a mathematician and points out 
the theorem to which I have already referred in this book, the 
theorem in which it is proved that if all the velocities of a 
dynamical system are reversed at any instant, the whole 
system will retrace its course of events backwards.! ‘Since 
my companion’s scale of time is reversed in relation to mine 
all of his experiences have been of the backwalrds kind. 
However, they hang together. As he saiw things in his 
time scale, the people on the ship really wanted to go from 

* This would only be true for the simple case of a complete reversal of the tme 
scale at all points. The argument could however be carried out for the more gen- 
eral case but in a more elaborate manner. 

1 1 will not pursue here the discussion of the case for a non-dynamicaTsysteni 
in the technical sense of the phrase further than to remark that the argument can 
be carried out for such a system but in more elaborate form. , 
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the shore to the island and to live their lives backwards. 
The inotion of the ship and of the water, and of the wind on 
the sails would be quite all right and perfectly consistent 
with the physical laws in causmg the ship to sail backwards. 
And so I have to say to my companion, “My friend! you 
certainly live in a topsy-turvy world as regards time, but I 
can see that you have every reason to be happy in it.” 
“Thanks,” says he, “I reciprocate the sentiment.” 

Now of course the actual situation is that we all do agree 
in our sense of the progress of time. It is not a fact that 
some of us grow older in a time scale in which others grow 
younger. What is it that is at the root of this harmony? 
According to Sir Arthur Eddington, entropy is at the root 
of it. Our consciousness of the progress of time is a con- 
sciousness of a continual increase of our entropy ; and it is 
this increase of entropy which provides time with what 
Eddington likens to an “arrow” which points out the way 
in which it goes. In speaking of thermodynamics we saw 
how the entropy was regarded as representative of the prob- 
ability of a state of the system. We saw how we had arrived 
at the idea that the entropy of the universe and of every 
part of it was increasing with time, and how this increase 
with time was representative of the journey of the universe 
towards a state of maximum probability. We saw, more- 
over, how this continual increase of entropy was symbolic 
of a continual running down of the rmiverse. Perhaps, in 
putting the matter as we did, however, we put the cart before 
the horse, and it behooves us to go back and modify our state- 
ment in one particular. It is not so much that the entropy 
of the universe is increasing with time, as the fact that we 
have unconsciously ordered the events of the universe in a 
sequence of increasing entropy, and then used the progres- 
sion of events indicated by that sequence as the symbol of 
progression of time. When we spoke of this continual m- 
crease of entropy with time, we spoke of it as characteristic 
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of all matter, so that if two people choose a time scale \vhich 
runs in the sense of increase of entropy for each, the}" will 
both agree and agree contmually, m the direction of their 
time scales. After all the feeling of getting old is pictorially 
symbolic of this increase of entropy, this increase of run- 
downness ; and, in that sense, we see that my example, 
given above, of the baby who became an old man on the 
second day and a young man on the third day, is eliminated 
from our picture as a possibility by the fact that the inevi- 
table course of entropy changes makes things alike for all 
of us. Our friend who used a reversed time scale, and with 
whom we had the argument concerning the direction of 
motion of the ship, had a very small probabilily of existence. 
We must add his experiences to the list of that highly im- 
probable set of bizarre phenomena which claims in its com- 
pany the kettle which, as we saw in an earlier chapter, might 
once in an aeon get cooler in the process of heating the fire. 

The thing which really lies at the root of the matter is this. 
Suppose I consider the state of the universe in my “now,” 
and consider the entropy of the whole universe and also the 
entropy of individual parts of it, such as myself. Suppose 
I do the same thing tomorrow. I find that they have all 
increased together. This is the characteristic feature of 
entropy considered as an e.xpression of probability. 

I think we may regard what I have referred to as 
an accumulation of records of events in the life of the indi- 
\ddual as simply an aspect of this general principle of increase 
of entropy. It is moreover a little more specific in its mean- 
ing and a little closer in its visualization of the actual proc- 
esses of nature.* Further, through the principle involving 
the record, in the present, of the events of the past but not 
of the future, it is richer in its content than a discus- 
sion purely in terms of entropy, since it provides a meaning 

* I here refer to a correlation, of the more/fine-gramed events’* of nature in the 
last instance with the ‘^pantunr transitions of modem atomic theory/; . • ' 
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to our remembrance of the past which does not also imply a 
consciousness of the future. However this may be, the 
significant thing is that if we imagine the universe as repre- 
sented by a succe^ion of states, each state being made up 
of a system of sub-states, one of which, for example^ repre- 
sents an individual, and if we arrange the states of the uni- 
verse in an ordered sequence as regards number of records 
of events in the minds of the individuals, it is necessary that 
this sequence shall agree in aU individuals m the sense that 
the number of records of events increases from state to state 
for aU of them or decreases from state to state for all of them. 
Such a situation would be provided for if the number of 
records of events in the mmds of the individuals were an- 
other aspect, or at any rate something which ran parallel 
to the magnitude of that quantity which we have called the 
entropy of the individual ; for, the fundamental principles 
of thermodynamics teach us that the entropy of the universe 
as a whole, and of each part of it large enough to be regarded 
as an entity of ordinary size, run together in the sense that 
they aU increase together. The progress of time then is to 
be regarded simply as an abstraction symbolic of, and hav- 
ing for its very meaning, the increase of this entropy from 
state to state. The continual increase of entropy is the 
mathematical aspect of the continual dissipation of all energy 
to the most useless form. Thus you see that it is inherent 
. in our very concept of the progress of time that we should 
all be going to the dogs ; for, to the dogs, by its very nature 
does “tune’s arrow” point. 

Finally, one may be inclined to go back and inquire in 
what rests the fundamental difference between the view- 
point here sketched and that with which we started, the 
viewpoint in which the progress of the universe was governed 
by a law system which controlled it continuously from stage 
to stage in a way which caused us to raise the question of 
why I am not conscious of the future since I am conscious 
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of the past. We can best throw light upon the matter by 
superposing upon our picture of a succession of states that 
scheme of law which we suppose to govern the progress of 
the universe in tune, time of the kind which we have founded 
upon the succession of states, if you will. The whole prob- 
lem then boils down to the question of how consciousness is 
tied into the scheme. When we tie down consciousness of 
the past to correspond to the mathematical relatiinisliip 
between past and present inherent in the fundamental laws, 
we see no reason why we shall not be conscious of the future 
if we are conscious of the past. When, however, wc^ tie con- 
sciousness of the past to the existence, in our present state, 
of the record of events of the past, we leave our fundamental 
physical laws their privilege of relating both past and future 
to the present, but without hwolvuig ourselves in a dilemma 
as^to why we are not conscious of the future. 


Chapter XI 

Vital Processes 

Sooner or later, the philosophy which has sought to pene- 
trate the secrets of inanimate matter must include in its 
scope the story of life. The gap between the two seems 
much narrower today than it seemed fifty years ago. Then, 
the cold philosophy of materialistic dogma seemed to set 
forever a barrier between the laws of animate and inanimate 
matter. Today, however, the physicist is much less of a 
materialist in the old sense of the word than he was fifty 
years ago. In the last analysis he is much less of a material- 
ist than many of those who cite him as the high priest of 
materialism. He has become greatly humbled in the matter 
of materialistic dogma during the last twenty-five years by 
his endeavors to understand the actions of the most capri- 
cious thing in all nature, not excluding the things which 
live nor even the female sex thereof, by his endeavor to 
understand the atom. 

We may divide the activities of living things into three 
classes as regards their relation to physics. First, we have 
the class which is understandable to us in terms of physics 
or chemistry, without the invocation of laws other than 
those which have become familiar to us in the laboratory. 
Thus, when I expand my chest, I require no further knowl- 
edge than the fact that the pressure in a space decreases 
when the volume increases to explain why my lungs fill 
with air. When I observe that the boimdary of the proto- 
plasmic interior of the cell allows certain things to pass 
through and stops others — when I find that the cell can 
build up within itself a hydrostatic pressure greater than 
, 376 
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that in the medium m which it is placed, I am not surprised, 
because I can duplicate such phenomena with various 
membranes in the laboratory. Even though I may l>e un- 
familiar with the complete theory of osmosis in its molecular 
aspects, I am ready to accept the facts as understandable in 
terms of physical laws, just as I am satisfied as to the reason 
for the transmission of vibrations through a table when 
I strike it, although, until we have a more satisfactory 
theory of cohesion and of the nature of intermolecular forces 
than we have at present, I shall not see in all its details the 
ultimate reason for the transmission of motion from one 
part to the other. 

One of the first questions which must confront the bio- 
physicist in the examination of an}'' class of phenomena is 
that of deciding how far these phenomena can be explained 
as regards their detailed action without the invocation of 
processes other than those which can be produced in the 
laboratory with non-living matter. 

The second class of phenomena comprises those which 
have not been duplicated in the laboratory in such a manner 
as to provide a quantitatively satisfactory explanation of 
the actions of the organism, but in which an appeal is made 
to possible specialized conditions of matter in the living cell 
as the cause of the enhancement of activity of the purely 
phj’-sical mechanism. 

Thus, many chemical reactions which take place in the 
non-living protoplasm occur with increased velocity in the 
otherwise indistinguishable Imng protoplasm. 

Again, although osmosis is not a phenomenon peculiar to 
the living state, the osmotic properties of the cell membranes 
are proformdly modified when the cell is living. 

In this class of phenomena it remains to be proved 
definitely as to w’^hether we need invoke any principles other 
than complexity of chemical or physical structure to account 
for the apparently special characteristics of living matter. 
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Finally, we have the third class, if indeed there be such a 
class, which comprises those phenomena of life which re- 
quire a definite appeal to a wider system of laws than those 
comprised under chemical or physical laws in the ordinary 
sense of the words. 

Speaking of cohesion. Sir Oliver Lodge once remarked 
that it was as yet an inexplicable fact that when one end of a 
rod is pushed the other end moves, to which Punch retorted 
that it was an equally inexplicable fact that when one end 
of a man is trodden upon the other end shouts. Now the 
question as to whether the phenomenon cited by the famous 
comic periodical is more or less wonderful than that cited by 
Sir Oliver Lodge is a function of what the other end says. 
Insofar as the action is purely reflex, I suppose it is no more 
wonderful. Even if the victim should say “damn” from 
force of habit it is no more wonderful. But if he says 
“damn” for the first time, then I think the phenomenon is 
more wonderful, because it includes as much as was included 
in the problem of the rod and also something more: it 
means that a definite physical phenomenon, the production 
of the state of air motion associable with the propagation 
therethrough of the objectional expletive which I have al- 
ready cited twice was brought about as the result of an 
intention initiated in the brain. 

From the standpoint of the physics of the last century, 
» at any rate, such a phenomenon attains the status of a mir- 
acle, whose degree of remarkability can be gauged only by a 
detailed tracing of the mechanism back step by step to the 
origin of its inception in the brain. 

The very essence of a physical law in the sense of a half a 
century ago lies in its providing a definite statement of the 
subsequent behavior of a system when the condition of the 
system is appropriately stated at some instant. Consider, 
for example, the illustration we have cited earlier in this 
book, and drawn from the Newtonian law of gravitation as 
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applied to a number of bodies moving about in space. I 
know that if I should come upon these bodies in certain 
positions and start them off afresh with certain velocities, 
their subsequent history for all time would be determined 
by the Newtonian law. The answer given by the law to a 
question asking the state of the system at any subsequent 
instant would be perfectly definite. It might even be wrong, 
but it would be definite. 

Now in order to give these bodies the velocities which I 
actually imparted to them I had to do something. If, at 
the instant when I was about to touch those bodies, I had 
refrained and left them to themselves, the velocities which 
they would have had at the next and subsequent instants 
would have been those determined for them by the law of 
gravitation as a result of their previous history. To postu- 
late that they of their own accord would suddenly change 
their velocities in a manner which disregarded what the laiv 
of gravitation had to say about the matter would be to 
postulate a miracle — a temporary suspension of the activi- 
ties of the general law. The new state of motion resulting 
from the miracle would not itself be inconsistent with the 
general law once it had been produced. The inconsistency 
would be confined to the act of its production. 

I temporarily relieve myself of the necessity of postulating 
a miracle by saying that I took hold of the bodies and threw 
them into space with the velocities in question ; but having 
committed myself thus far, I must now go on and trace 
again by some appropriate laws the actions of my hands in 
approaching these bodies, of catching hold of them, and of 
imparting to them their velocities. I can go back into the 
history of the matter for some distance without encounter- 
ing any grave philosophical difficulty. This motion of my 
hand and the subsequent grip upon the bodies was deter- 
mined by forces brought into play on account of my muscles, 
so that granting Hie contractions of the muscles there is a 
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train of laws providing in continuous manner for the history 
of the matter up to and including the impartation of . the 
motion to the bodies, the continuity being thereafter per- 
petuated through the law of gravitation. But I dare not 
stop at the contraction of the muscles without relatmg that 
to something else, for, if I do, I introduce a miracle, which I 
wish to avoid, so I look further into the mechanism of the 
contraction. 

I see that it is associated with certain chemical changes in 
the muscles, so that the path from the chemical changes to 
the contraction of the muscles is probably understandable 
in terms of physical and chemical processes. But the chem- 
ical changes were not of the kind which took place spontane- 
ously, as, if they were, it would be a fact that all beings 
possessing muscles would be involuntarily constrained by 
those muscles to do the same experiment that I have im- 
agined myself to have done. And so I invoke the nerve 
stimulus to the muscle as a link to continue the train of law 
action back from the muscle. Then I refer the nerve stim- 
ulus back to the brain, and there I must pause ; for, at this 
point, two courses are open to me. I may suppose that 
the action in the brain was the outcome of what occurred 
before and that, pursuing this matter back step by step 
to its logical conclusion, there was somehow or other con- 
tamed in the state of the universe a thousand years ago the 
inevitable consequence that today I should carry out the 
experiment which I have cited. 

Now such a picture of the habits of the universe is not 
one which lends itself to our liking. It represents the doc- 
trine of predetermination which the philosophers have 
wrangled over for many a long year. Yet, the only alter- 
native is the postulation of a sudden suspension of the 
ordinary physical laws, by which new “mitial conditions,” 
as the student of dynamics would call them, are created, 
leading by subsequent operation of the general law to actions 
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of the individual different from those which w^ould have 
occurred if there had been no discontinuity in the state of 
the system;. Perhaps it would be better to avoid the use 
of the term “suspension” of the ordinary physical law and 
widen our concept of what a physical law is to include the 
possibility of such discontinuities as part of it. In such a 
conception of the actions of the universe we would think of 
the condition of a system as being determined by some 
general law in the step-by-step fashion, each step being 
governed by its immediate previous history, but we should 
think of its being determined in this way only over finite 
intervals of time, these finite intervals being separated from 
each other by sharp boundaries of discontinuity in which 
new alignments of the quantities which specify the system 
take place, these alignments being provided for in general 
by conditions quite apart from the general continuous laws 
which guide the system over the intervals between its dis- 
continuities. 

I do not wish to imply that these discontinuities are 
necessarily unrelated to anything, but only that they are 
not to be expressed in a unique maimer or as an inevitable 
consequerice of the previous state of the system. Were 
they so expressible our laws would simply revert to the old 
doctrine of predetermination in a more elaborate form. 

The essence of the assumptions involved in the introduc- 
tion of these discontinuities is that, at any given state of 
the system, there shall be not one but many different* kinds 
of discontinuity which may occur, and that if the state of 
the system plays any part in the matter at all, it is in de- 
termining the relative probabilities of the occurrence of the 
different kinds of discontinuity. 

There may be discontinuities which are spontaneous in 
the sense that the probability of their occurrence is not 
related in any obvious manner to the state of the system. 
One is naturally tempted to associate spontaneous thoughts 
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with such discontinuities* My decision to do the experi- 
naent which I cited earlier is a case in point. If I dp the 
experiment because you ask me to, we have a case where 
the spontaneous discontinuity which represented the thought 
in your brain produced a physical phenomenon, your speech, 
for example, which increased beyond its normal amount the 
probability of that discontinuity in my brain which is to 
be associated with the initiation of the experiment. 

The element of probability as distinct from certainty in 
the matter of the initiation of these discontinuities is illus- 
trated by what would happen if you should tread on my 
toe. The discontinuity may be such as to give rise by a 
train of continuous processes to actions in my muscles which 
will cause me to knock you down. Or it may be of such a 
kind as to lead ultimately to the muscles of my lungs and 
tongue and cause me to swear at you. 

Spontaneous thoughts, i.e., those associated with discon- 
tinuities which have no simple relation to the state of the 
system or to physical causes resulting from discontinuities 
in external systems, are naturally to be associated with free 
will actions. The philosopher may object that if they are 
purely spontaneous they deny by their very nature the 
doctrine of free will. The question here involved is, how- 
ever, merely one of words. The essential thing about free 
will actions is their unrelatedness to anything, or at any 
rate the lack of uniqueness in any relation which they may 
have to external causes. I may strike you or hurl maledic- 
tions at you when you tread on my toe, but there is no 
certainty of either, that is all. The additional aspect which 
presents itself, and concerned with whether I could have 
done anything other than what I did do, has to my mind no 
meaning. Of the various possibilities, one has happened. 
The occurrence of that one is not the result of my choice, 
it is my choice. Of course, we must admit that develop- 
ments may take place in my system which cause the proba- 
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bility of some discontinuity A to be greater than that of B. 

I may even develop to a state where I fail to respond at all 
to a certain stimulus in the matter of initiation of disconti- 
nuities of certain kinds. I may neither swear nor fight when 
you tread on me. And this development may even be iiii- 
tiated by outside stimuli — the attempt on your part to 
convert me to a righteous behavior. 

According to the foregoing views then, these discontinui- 
ties which S5Tnbolize the initiation of the various actions — 
the blow, the emission of bad language, the intention to 
perfonn an experiment, and so forth — constitute the es- 
sential distinctions between living and non-lmng matter ; 
and the vital feature of these discontinuities is that they are 
not related to the state of the system or to outside influences 
in such a manner as to make the occurrence of any one of 
them a certainty under any specified conditions. All that 
the outside influences or the state of the system can deter- 
mine for any kind of discontinuity is a certain probability 
of its occurrence. 

I should like to illustrate some of the foregoing remarks 
by considering a simple example which may serve as a crude 
parallel in discussing some of the questions pertinent to 
living matter. 

Suppose I have a set of balls moving about in this room, 
subject only, let us say, to Newton’s law of gravitation. 
The types of motion which I shall observe will depend upon 
that law and upon the particular state of the system at 
some instant; or, put more crudely, upon the particular 
types of motion which were started. It may be that I shall 
find all the balls arranged in concentric rings about a central 
ball, eath of them whirling arouhd the central ball as planets 
whirl about the suh> Suppose that in another room I have 
another set of identically similar balls moving under the same 
law of gravitation, but started off in a different way. It 
may be that I shall find those balls separated off into little 
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groups, each of which is like a mjniatujre solar system of its 
own, and possibly some of the balls may dance around 
these groups like comets visiting various solar systems. 
In other words, I may have in rooms A and B identically 
similar balls, obeying the same general law, but resultmg 
in conditions which are entirely different in the two rooms. 
Some of the phenomena in A may be entirely imknown in B, 
for the reason that they could not have evolved by continu- 
ous application of the gravitational laws out of the particu- 
lar state of the system originally initiated in B. It would 
not be anything about the general physical law which de- 
termined the difference between the conditions in A and B, 
but simply what the mathematician calls “the initial con- 
ditions.” We have already discussed this sort of thing in 
Chapter X. Indeed, we may have an infinity of different 
systems of identically similar objects all agreeing with one 
and the same general law which is suiScient to determine 
their state at any instant from that at a previous instant, 
and yet showing properties which have no apparent relation 
to each other. Suppose now that there should occur in one 
of our systems A and B a miracle, or, to use a less disturbing 
phrase, suppose that there becomes initiated one of those 
discontinuities in state to which I have already referred. 
Then it is possible that, following this discontinuity, the 
system will continue to obey the same laws as before, but 
show characteristics quite different from those which it had 
formerly exhibited. 

In this crude example of the balls moving under gravita- 
tion may we not have a possible, even though a remote, 
parallel to the difference between dead and living matter, 
and may we not see in a series of discontinuities of this 
kind a parallel with the initiation of different kinds of 
activity in hving matter. Death would constitute, as it 
were, the master discontinuity or group of discontinuities, 
following which the history of the organism would go on 
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according to the ordinary continuous laws of physics with- 
out .the occurrence of any further discontinuities of the 
kind under discussion. The secret of the greater chemical 
activity of living protoplasm as compared with dead proto- 
plasm would be sought not in any difference in the laws of 
chemical activity when extended to their detailed specifi- 
cation in terms of atomic processes, but to a difference in 
the state of the system resultmg from considerations of the 
kmd I have sketched. In speaking of chemical action in 
this connection, I desire to emphasize the extension to an 
interpretation in terms of ultimate or atomic processes, 
because if we confine ourselves to chemical laws as stated 
in crude macroscopic form we may well include in their 
formulation statements such as would deny to a certain 
chemical reaction the possibility of its ha\nng more than 
one rate of progression. To cite a parallel situation, a 
primitive statement of the laws of impact of billiard balls 
which treated them as perfectly smooth elastic spheres 
would deny the possibility of certain phenomena which 
arise from the more detailed consideration of their actions 
in relation to the roughness of their surfaces or the rise of 
temperature which they may suffer at unpact. 

In the case of the chemical processes associated with 
living and non-living matter the thought is that, if we could 
view the chemical processes in each case in terms of the 
ultimate atomic processes, we could understand them both 
in the sense that they would obey the same ultimate laws. 
There would, however, be certain differences in the con- 
figuration of the system, conditions in every way consistent 
with the previous states in each case, but of such a kind that 
one could never evolve out of the other by an evolution 
controlled by the continuous law. We must guard against 
a temptation to believe that on account of the huge com- 
plexity of animal organisms they all necessarily go through 
all states which the general law would permit. I have only 
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to remind you that the ultimate elements of which the 
matter is composed do not lose their identities in the com- 
plexity of the organism. A certain characteristic state may, 
whUe operating by continuous processes through the general 
law, impress itself on the whole organism, just as, in the 
hodge-podge of the city dump, the individual electrons and 
protons of the atoms retain their relation sufl&ciently to per- 
mit the permanence of the elements which they compose. 
They do not get lost sufficiently ever to form a new element 
which was not to be foimd in the dump originally. 

One of the most astonishing things in biology is the hand- 
ing on of minute characteristics such as a crooked finger or a 
pointed nose from generation to generation ; and the fact is 
still more astonishing when we realize that at one stage in 
each generation the potentialities of each of these charac- 
teristics are contained in the apparently simple structure of 
the germ cell. It is only by enhancing the importance of a 
dependence of characteristics upon the particular system as 
distinct from the general laws which all the systems follow 
that we are able to understand the remarkable perpetuation 
of the characteristics shown by a study of heredity. 

If I now proceed to trace the possible consequences of 
the foregoing conclusions in some of their major aspects, 
I fear I shall incur the censure of certain of the ortho- 
dox. We know that certain abnormal developments which 
take place in the human body are to be traced to ab- 
normal types of cell division whose initiation is not very 
clearly understood. Indeed, I believe I am correct in stat- 
ing that the initiation of normal ceU division is not very 
thoroughly understood. At any rate, we have, in the cases 
of which I am speaking, at least two different types of de- 
velopment, the normal and the abnormal. On a view which 
associates vital phenomena with the discontinuities of which 
I have spoken, either one or the other process of develop- 
ment may occur. The fact that the normal development 


Vital Processes 


387 


takes place more frequently than the other is shnply a con- 
sequence of the fact that the probability of occurrence of 
the 'type of discontinuity associated with the normal de- 
velopment is greater than the probability of occurrence of 
the type of discontinuity associated with the abnormal 
development. It is, of course, quite within the realm of 
reason to suppose that the relative probabilities of the two 
kinds of discontinuities might be affected by the physical 
or chemical state of the system — put crudely, the proba- 
bility of disease is a function of the state of health of the 
body. Moreover, it would not be inconsistent with logical 
reasoning to admit that the relative probabilities of the 
two t3q)es of development might be controlled by the state 
of the system as determined by the discontinuities in the 
brain which we associated with thoughts, so that even the 
faith healer might find some basis in scientific fact for the 
results of the exercise of his art. Cell division may be arti- 
ficially initiated by injury ; and even if I should bring it 
about by means of a knife, the action is one originating 
in the thought associated with my intention to perform the 
injury, and differs only from the apparently more subtle 
phenomenon above hinted at, and associated with the 
partly unknown processes, in the spectacularness of its 
nature. 

I have no desire to force the facts in this connection, but 
simply to state that if the facts exist they will find their place 
in an extended idea of the nature of physical laws of the kind 
I have sketched. Perhaps a theory of faith healing based 
upon such a concept as I am discussing would be less open 
to orthodox objection than would be the more fanatical 
claims of the over-confident. For it is the essence of our 
present line of reasoning that merely the probability of the 
action one way or the other would be the thing that was 
affected. The difference which would exist between that 
kind of a faith cure in which a man keeps fit by not allow- 
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ing himself to become depressed and that in which some 
one claims that he has, by meditation, mended one of his 
bones which had become broken, is that the former class 
would be one in which the probabilities of the occurrence 
of the different kinds of discontinuities concerned were 
greatly influenced by the state engendered by the thought, 
while in the second class the probabilities concerned would 
be mfluenced to an unimportant degree by the correspond- 
ing mental activity. 

In line with the views sketched in Chapter V, I will again 
remind you that once in an aeon it may happen that a piece 
of ice placed in a furnace will cause the furnace to become 
hotter while it itself becomes cooler ; and the improbability 
of such an event has its parallel in the improbability of the 
effect of thought on those properties of the living organism 
which experience has shown to be affected to a negligible 
extent, if at all, by mental activity. 

In principle, therefore, the possibility of the effect of 
thought on the probability of all kinds of development may 
be admitted, so that even the optimism expressed in refer- 
ring to the “ faith which moveth mountains ” may be allowed 
to stand, but I fear with a very small probability factor to 
warrant us in relying upon it. 

It may be argued that in introducing the element of 
chance, the element of a certain amount of unrelatedness to 
its previous state in the development of a system, we depart 
fundamentally from what, formerly at any rate, was re- 
garded as the essence of a physical law, the prediction of the 
future state with certainty in terms of the past. It is well 
to realize, however, that even in the matter of phenomena 
which without question we would class as physical — in 
thermodynamics, in the theory of heat radiation, and in 
modem forms of atomic theory, as outlined in Chapter IV — 
we have foimd it necessary to introduce the laws of prob- 
ability, the laws of chance, into the discussion ; and indeed 
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there is much in the part played by probability in these 
purely physical phenomena which has a close counterpart in 
some of the applications I have cited in relation to vital 
processes. 

Thus, in a system in temperature equilibrium, the radia- 
tion which passes to and fro between the different elements 
of matter comes, of course, from the atoms. We think of 
certain of these atoms as being in certain energy states from 
which they may pass to lower energy states with the emis- 
sion of a radiation of frequency characteristic of the change 
of energy from one state to the other. Now statistical con- 
siderations enter in specifying the probability that any one 
of the atoms may be in any one of the assigned states. Then, 
considering all of the atoms which are in any one state, there 
exists a certain probability that the atom may make a change 
from that state to any one of several others, just as for a 
living organism in any one state (not necessarily character- 
ized by its energy as in the analogue of the atom) there 
exists a probability that it may make any one of the tran- 
sitions which may carry it to another possible state. In 
the case of atom, we are accustomed to think of the prob- 
ability of a transition as composed of two parts, one 
depending simply upon the atom itself, and the other 
determined by the density of radiant energy of the ap- 
propriate frequency in the space in which it exists, this 
density of radiation being of course determined in turn by 
the combined probabilities of transitions m all th<4 other 
atoms. We have in vital processes a parallel to the first t3q)e 
in the part of the probabilities associated with some sponta- 
neous discontinuity experienced by a living organism, and 
a parallel to the second type in the part of the probability 
which is controlled by the general state of the system or 
perhaps by the sum total of all the other discontinuities 
which are continuously taking place. The action resulting 
from the first type of discontinuity may be likened to free 
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will actions, and those resulting from the second type may be 
likened to free will actions influenced by external agency. 
To one who would complain that the introduction of statis- 
tical considerations into vital matters constitutes the invo- 
cation of non-physical processes, we must point out that 
here, in one of the most important fields of pure physics, 
in the theory of heat radiation, we have just this very type 
of reasoning, and one calling for as drastic a departure from 
the popular concept of a physical process as is involved in 
supposing that the physical condition of an individual may 
be controlled in part by his own thoughts. 

But one may contend that the introduction of statistical 
considerations into physics is only a makeshift, pending the 
more complete formulation of the detailed laws in whose 
terms there would be no necessity for statistical considera- 
tions. Such a contention cannot be denied. It may be 
possible to formulate the laws of the universe in such a way 
as to avoid all statistical considerations; but, the fact re- 
mains that reformulation in this way might involve such a 
remoulding of our whole thought structure as to make the 
old physical laws with their discontinuities and chances 
provide a more satisfactory picture to our minds than the 
more abstract formulation designed to avoid these concepts. 

As a matter of fact, even the subconscious belief prevalent 
among physicists to the effect that laws of chance as intro- 
duced into their own subject were merely makeshifts for 
something more fundamental has, in the last few years, 
received a severe blow as we have shown in Chapter IV. 
For, in the most modem developments of atomic structure, 
the old idea of the universality and definiteness of the laws 
which control the actions of the most fundamental entity 
in all physics — the electron — have had to give way to 
laws of chance. No longer do we say that if an electron 
finds itself in an electric field a certain consequence will defi- 
nitely foUow. We say only that there is a certain proba- 
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bility that such and such will take place. No longer do we 
rest in the belief that the velocity of an electron will remain 
conkant so long as it is not under the influence of an electric 
field. It may suddenly change its state of motion. From 
being at rest it may suddenly decide to move about like a 
dog which is tired of inaction. 

It is by no means as fantastic as might appear to suppose 
that the elements peculiar to life exist at all times but in 
relatively insignificant amount in so-called non-living mat- 
ter, so that in the sense in which we may associate life with 
the discontinuities of which I have spoken we may, perhaps, 
on rare occasions find a chunk of copper which is, in a cer- 
tain sense, for an instant, alive. In Chapter III, I have 
stressed the fact that most of the outstanding phenomena 
of physics are phenomena of such rarity from the point of 
view of the individual atom that only the term “miracle” 
is fit to describe them. And so, the fact that \ital phenom- 
ena do not make themselves immediately evident in so- 
called non-living matter is no criterion as to the certainty of 
their complete absence therefrom. It is, in fact, not incon- 
ceivable that the existence of completely non-living matter 
as such might be unstable, and that the living acthity might 
increase, perhaps slowly at first, but possibly at an increas- 
ing speed, until, at any rate in the presence of suitable con- 
ditions and environment, it finally attained a steady state 
in which there was a definite equilibrium between the living 
and the non-living matter. • 


Chapter XII 

Science and Theology 

It is recorded that, on greeting the great mathematician 
Laplace, after receipt from him of a volume of his “Meca- 
nique Celeste,” the Emperor Napoleon exclaimed: “I see, 
M. Laplace, yon have given us a theory of the universe, but 
have made no mention of its Creator.” “Sire,” replied 
Laplace, “I have no need of that hypothesis.” Somewhat 
amused, the emperor later told the incident to Lagrange, 
who remarked, “Ah ! but it is a very useful hypothesis.” 
And so, through the ages, many have found it a very useful 
h37pothesis. And in what sense is it a useful hypothesis? 
In some respects, the hypothesis of a Creator is very similar 
to the other h)q)otheses which science has made from time 
to time ; for, even as man has envisioned the Creator in his 
own image, so he has in his various models of the action of 
light, of the behavior of atoms, and what not, envisioned the 
unseen processes of nature in terms of the objects which he 
sees around him. He sees nature doing a certain thing, and 
‘ he says to himself, “ Ah ! a dynamo would do that — nature 
is a dynamo.” He sees communication established in cer- 
tain ways across space and says, “That is like the shaking of 
the pebbles on the seashore by the waves of a passing ship. 
Ah ! there must be a medium, an ether, filling aU space. 
Light is the ripples of this ether as these little wavelets are 
the ripples of the water.” And so through all the ages of 
history, man has sought an understandable cause for things 
which happen around him. And why has he sought this 
cause in a Being, a Being with human attributes? There 
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are, I think, two main reasons. Perhaps, in the last analysis, 
they are part of the same, but, at any rate, at first glance, 
they are different. The first is the inherent feeling of man 
as to his own superiority over the things which are around 
him. Matter to a large extent obeys his will. Many thin gs 
he himself has done. He has built that bridge; he has 
erected that cathedral. Had it not been for him, there would 
have been no bridge, and no cathedral. And so he sees the 
stars, and the planets, and they seem to call for some Being 
to have set them in their own courses. It is repugnant to 
his feelings to say that they just are, in the sense that it is 
repugnant to his feelings to say that the cathedral just was. 
The atheist will counter with the fact that snow crystals are 
just as beautiful as cathedrals, and that yet they follow from 
the inevitable workings of the laws of physics as applied to 
the freezing of water. But the believer in a Deity will see 
in this merely another chain to his arguments. He will say, 
“Yes, in all verity the snow crystal is very beautiful. It is 
upon the beauties of nature that the beauties of man’s crea- 
tions have been designed. The great masterpieces of archi- 
tectural design have based their form, in the last analysis, 
upon some feature drawn from what nature has revealed.” 
As man tries to see the atoms in the workings of tilings with 
which he is familiar ; as he tries to see light waves behaving 
as the water ripples behave; as the chemist has tried to 
vision the combination of the chemical elements b terms of 
bonds and forces associated with the large-scale phenomena 
of his every-day life, so he has tried to envision the causes of 
air that he sees in the acts of some supernatural Bebg. He 
himself is apparently distmct from the things around him 
m that he possesses free will. He has a certam power — at 
least, so he feels — to decide whether such and such shall or 
shall not be so. And so he feels that the universe is some- 
thmg which might or might not have been, and that some 
power was necessary to make the decision, and to order it 
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when the decision was made. The only other entity which 
can make decisions of this kind is himself, and so man en- 
visions the Creator in his own image. 

Then, particularly in the ages which have gone by, the 
main concern of man has been for his own welfare. His life 
was a struggle between conquering those who were weaker 
than himself, and avoiding being conquered by those who 
were stronger. He was either a slave or a master, and his 
hopes and fears sought for some guiding hand which would 
give him promise of security. As the child looks to his 
parents for protection, for guidance against the dangers of 
his young life, and accepts from those parents in humility 
punishment for the wrong that he has done, so this grown-up 
child of nature has envisioned some Being who is the Father 
of us all, who shall advise, guide, and punish when neces- 
sary. This, I think, is the second reason why man has come 
to picture the Creator as of human form. His main interest 
in the Creator has been that of One who will protect him or 
guide him and who is all-powerful to do so. The kind of 
guidance and advice that he needs is that of a Being like 
himself but greater than himself, and so he has pictured the 
Creator as a man. 

Now, it is, of course, very easy to raise many questions as 
to the naivete of the concept of a Deity in the form 
of a human being. And in this connection, I shall not hesi- 
• tate to cite some of the points which might be raised. I do 
so without much fear of hurting the feelings of any of my 
readers, because I am inclmed to think that when the ortho- 
dox believer and the more liberal thinker upon these matters 
remove from their thoughts the various things which are 
irrelevant for the realization of their ideals, they wiU be 
found much more in harmony than would seem possible at 
the beginning. 

Perhaps the chief objection which a liberal thinker would 
raise against the hypothesis of a Deity would be to the effect 
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that the hypothesis did not accomplish anything and left 
matters just as they were before. He would ask who created 
the Deity, and what was the origin of His power. The 
fundamentalist’s answer to this question would probably 
involve such statements as one to the effect that “the Deity 
was not created but was eternal and existed always.” This 
would leave the liberal thinker in the same frame of mind as 
before. Either you have offered him an explanation, or 
you have not offered him an explanation. If you have not 
offered him an explanation, then he feels that he is justified 
in taking the facts of nature as they are and proceeding to 
investigate their consequences in the way that he has been 
accustomed to use, and he is apt to feel that the hypothesis 
of a Deity which does not carry the story to any greater 
degree of detail in its expression does not add anything to his 
understanding. As I have already emphasized earlier in 
this book, the physical objection to the statement that the 
sxm goes around the earth because it is carried by angels, is 
not foimded so much upon a natural repugnance to the pic- 
ture as upon the ineffectiveness of the postulate. From the 
assigned properties of angels one cannot calculate the story 
of the heavens, the time of recurrence of eclipses, the time 
of return of comets, and so forth. Sometimes one is apt to 
get the idea that he has an explanation of a thing when he 
really has no explanation at all. My criterion that he has 
no explanation is to the effect that he himself would admit • 
that he had no such explanation when the situation was 
pointed out to him completely. In the first chapter of this 
book, I cited the case of one who sought satisfaction as to the 
origin of gravitation in the thought that gravitational force 
was transmitted by an elastic medium. We saw how, on 
being pressed for an explanation of the elasticity of the 
mediiim, he was forced to go through a maze of mental 
meanderings in the realms of molecules and atoms, only to 
find that in order to “explain” the actions of these things 
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he had to come back and postulate in them the very elastic 
properties which he had hoped they themselves would ac- 
coimt for. 

If anyone seeks ultimate comfort in the actions of a Deity 
represented as those of a human being, he invites the same 
necessity for an explanation of those actions as he requires 
in the case of a human being itself. Thus, if the Being oper- 
ates by muscular effort, he may see that muscular effort 
operating by the same chemical processes as he is familiar 
with in the case of the muscles of an ordinary human being. 
If, however, he says that the effort is of an entirely different 
kind, and that the Being has properties entirely different from 
those of a human being, and, if — as is probably the case — it 
is necessary for him to attribute to the Deity a majority of 
properties which are unlike those of the human being, the 
extent of the association between the Deity and the human 
being becomes problematical. The hypothesis of a Deity 
then gradually departs from that which was originally in the 
mind of the one who made it, and becomes more of the 
nature of the hypotheses of pure science. This habit of 
mankind, to wish to think in terms of a certain model and 
then to depart from the model to such an extent that very 
little of the original characteristics is left, and still derive 
comfort from the belief that he is thinking of the model is 
not an xmusual one. It occurs even in the realm of the phys- 
icist; and, as we have already seen, the comfort derived 
from the picture of the Bohr atom as a model of the atom 
falls into this category. You may recall the analogy which 
I cited of the monstrosity who looked like a man m some 
respects so that we were tempted to think of hi m as such. 
His muscles were huge, and his eyes enormous and his legs 
of exceptional length ; yet, he had no strength, could see no 
better than we, and had no greater stride. His strength, 
such as it was, depended upon the length of his hair and the 
size of his eyeballs. His sight depended upon his toes and 
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his eyelashes. His stride depended upon the length of Ms 
little finger. Even though from his arms, legs, eyes, and so 
forth, we could make up a way of deducing what he would 
do under any given circumstances, we should delude our- 
selves if we gained comfort from thinking of him as a man. 
So often our picture of a being, process, or thing is adorned 
with appendages which catch the eye of the mmd but play 
no part in the performances concerned. Early in this book 
I have discussed the “irrelevance of the obvious.” I have 
cited the parable of the boy who was unable to work out the 
problem on the flight of a ball until I told him its color. 
Even as the flowing robes of kingship are but symbolic of 
a power whose strength lies in other things, so the obvious 
attributes of many of the things around us are attributes 
irrelevant to the performance of their significant functions. 

I have a feeling that, if the orthodox believer in a Deity, 
and the agnostic who is open-minded, will get together and 
consent to the careful removal of all the irrelevant append- 
ages to what they think are their beliefs, they will find that 
what remains — the really relevant things, the things which 
play a part in their lives — are the same for both. If I 
should go to some kindly old lady who had lived in the coxm- 
try for all of the eighty years or so of her life, and ask her to 
give me her concepts of the Deity, she would probably think 
of the most kindly old gentleman that she knew. I wish to 
speak with all reverence in this matter and warn you of this, 
because some of the things of which I may appear td make 
light really play a very important part in the picture wMch 
the old lady has. She thinks of the kindly old gentleman, 
and possibly she pictures a long white beard, and many other 
attributes associated with the most kindly person she has 
known, or she pictures a combination of attributes of the 
various individuals who have affected her life. If you take 
away the beard, I think you will rob the old lady of a good 
deal of her confidence in the Deity. And, to tell you the 
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truth, I do not think that you should take away the beard 
from her. On the other hand, if I should discuss this naat- 
ter with an open-minded fundamentalist, I imagine that, if 
I should ask permission to remove the beard, he would have 
no objection. Suppose I should then go to him and say, 
“Now, see, this Deity has two arms. Do you think he 
would be less of a Deity if I should remove one of those 
arms?” Again, I believe that the fimdamentalist would 
have no objection. I could go on in this way, and I do not 
think that there is any point at which he would object 
seriously if I shotdd remove some additional feature of what 
I may call the physiological make-up of that Deity. When 
all has gone, I should say to him, “What have you now 
left?” Then, I fear it would be necessary for him to talk 
in rather vague language. He would say that he had the 
Divine Presence left, or the Spirituality of the Being, or the 
Soul, or some words to that effect. And I should have to 
say to him, “Yes, there is something left. I have some- 
thing left and you have something left. The only difference 
between us is that I think I know what it is that I have 
left.” 

Now, having, as it were, aired the situation as regards the 
significance of a Deity considered as a man, let us turn to 
what I deem to be some of the things which really matter. 
When I view the universe as a whole, I admit that it is a 
marvellous structure ; and, what is more, I insist that it is 
of what I may call an intelligent design. It has been 
arranged to work in a very efficient manner. The sun is 
hot; but, its heat is a very valuable thing. It provides 
light thereby, and by light the beings upon our earth can 
see their way about. Moreover, the sensitive region of the 
eye has adjusted itself in relation to the temperature of that 
sun, so as to make the most efficient use of the energy which 
the sun is sending out. The laws which govern the chemi- 
cal activities of the elements have rendered it possible for a 
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substance like chlorophyll to arise, which possesses the power 
to abstract the heat of the sun and convert that energy into 
the energy of the growing plant. The flowers by the way- 
side are very beautiful ; and, their beauty has a purpose — 
to attract the insects to them, and so bring about fertiliza- 
tion. The more we look into the structure of the universe, 
the more do we find that phenomena which at first sight 
have no reason for their existence play ultimately a part 
which is very fundamental and useful in the economy of the 
whole structure. It is only recently that we have come to 
know of what is called the photoelectric effect, the emission 
of electrons by light. Yet, if there were no photoelectric 
effect, we probably should not see. It is only recently that 
we have known of the power of the atom to hold energy in 
concentrated form. Yet, were it not for that power, the 
srm would have cooled tens of millions of years ago, and 
life might never have arisen on the earth. Not so long ago, 
we knew nothing — or practically nothing — about currents 
of electricity. Yet, if there had been no such phenomena, 
we would have had no nerves in our bodies. It very fre- 
quently happens that, when man seeks to make a structure 
of his own, he finds that the most efficient utilization of his 
efforts is brought about when he copies some scheme of 
nature. Only quite recently I had the occasion to make 
an arrangement which it was necessary to have folded up, 
so that it coxfid enter through a small space and then spread 
itself out again. We had some difficulty in the matter. I 
finally said to our instrument-maker, “Let us find out how 
the Lord would do that, for a thing like that was done in a 
flower.” And when we came to examine the flower, we 
found that it had the desired characteristics; and we ulti- 
m^ely made something which was not rmlike a flower. 
There is an old story concerning the hive cells of a bee. I 
forget the exact nature of the problem, but it concerns the 
question as to what was the best angle of the hive cells in 
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order to secure the largest amount of space that could be 
obtained in a cell for the minimum amount of wax, or some- 
thing to that effect. Well, the mathematicians worked out 
the value of this angle, and they fotmd that it was almost 
exactly the same as the actual angle which the bees had 
made. There was a very slight discrepancy, but it did not 
amount to anything in particular. The bees had really done 
very well, and had obtained almost exactly the most effici- 
ent angle for that cell. Then, a little later, somebody ex- 
amined the calculations of the mathematicians, and found 
a very slight error, and when that error was corrected, it was 
the mathematicians who were very slightly wrong, and the 
bees who were exactly right.* 

We may take it, then, as a fact, which both fundamenta- 
lists and atheists will admit, that the universe is of what we 
may call an intelligent design ; and, to my mind, that is 
the thing which really matters. I do not gain anything by 
postulating the idea of a Being who made it. I do not know 
that it does any harm to postulate such a Being, so long as 
one does not worry himself as to how the Being was made. 
It may be even of a certain advantage to think in terms of 
such a Being. So great a confidence have I personally in 
the goodness of the design of nature that if I want to find 
out how a certain thing takes place in nature, which has not 
yet been investigated, I sometimes start out by wondering 
what would be the best way to do it, feeling that if I suc- 
ceed in finding out what is the best way to do it, that is 
probably the way in which it was done. Of course, I may 
make an error in my judgment as to what the best way is, 
and natme may be still better, as in the case of the bee. 
This inquiry as to what is the “best way to do it” is very 
analogous to what I should be doing in a certain case were I 
to say how would God have acted under these particular 

* I will not guarantee the absolute accuracy of the story. Perhaps I may 
claim the indulgence of “poetic license” for purposes of illustration. 
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conditions. There is really very little difference between my 
own thoughts about the matter and thoughts of the funda- 
mentalist. The fundamentalist may feel that he ought to 
have a service of prayer for that Deity. I do not know that 
I feel any less exhilaration when I contemplate the majesty 
of the structure. I also feel inclined to sing and to utter 
poetry. In connection with this line of thought, I have 
sometimes wondered what would happen if one of us should 
design a universe. Any physicist could design a universe. 
If you allow him to make a few postulates, a few starting 
points, then the tracing of their consequences would evolve 
a little universe. I have in mind this picture — the picture 
of the atheist who is given his opportunity to decide upon 
his postulates and then goes ahead and makes a universe. I 
think it will probably be a much less perfect universe than 
ours. He may succeed in accounting for the kind of light 
which is emitted by the hydrogen atom. He may succeed 
in accounting for gravitation between planets, and so on, 
but, ten to one he will have forgotten to provide for a 
nice substance like chlorophyll which will convert the sun’s 
rays into the form of energy necessary for the growth of 
plants. Ten to one, he will have forgotten to provide for 
the existence of the photoelectric effect, so he will be blind. 
His scientists will find themselves without any convenient 
substance like mercury, with which to do their experiments. 
He may find that he has failed to provide for such a con- 
venient substance as wood, which is hard enough t» build 
houses with and yet soft enough to drive nails into. And 
so, the end of the story is the pictxure of the atheist who has 
designed his universe, and then, as a hell, he is made to 
live in it. 

I have tried to picture to you those elements which would 
cause any of us to admit that the universe is of what we may 
call “ intelligent design.” I have, however, raised the ques- 
tion with you as to whether we say anything further if we 
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say that the universe was, therefore, designed by some 
Being. Let us, however, for the moment say that we do 
say this, and then concern ourselves with the story of its 
design — let us say — as it is told in Genesis. I cannot 
help but feel that a great deal about the controversy in these 
matters is largely a “tempest in a teapot.” Even if one 
should accept the literal Word as inspired, one must, never- 
theless, realize that it was intended for a purpose. It was 
intended to be read and understood by the people of the time. 
Now we must acknowledge that if the Deity should provide 
us with a verbal presentation of the history of the creation 
of the universe, it would at least be a good one ; and, by a 
good one I mean something which would be capable of com- 
prehension by the people who read it. It is not sufficient 
that it shall be exact and complete in order that it shall per- 
form this purpose. In fact, if it were exact and complete, 
it probably would not perform that purpose. If I should 
write for you an account of the general theory of relativity, 
I dare say there are many of my readers who would not un- 
derstand it, if I put the matter out with any completeness, 
and for those it would be useless. If I can imagine the 
Deity writing a treatise on the theory of relativity, and put- 
ting it all in exact form, doubtless none of us would under- 
stand it. In attempting to present some sort of idea of the 
theory of relativity to you, I have made the most free use 
of analogy and simplification in order that you might carry 
away something about it. Moreover, if I knew that you 
had occasion to use the theory of relativity yourself, my 
efforts would be directed in such a way as to give you the 
maximum amount of usable information. I should, of 
course, endeavor to say nothing which was really wrong, 
but I should say many things which were incomplete. 

Think of a dog, and of an electric power house. The dog 
goes into the power house. He experiences many tickling 
sensations which please him. Then some terrifying sparks 
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appear; he gets a terrible shock and comes out yelping. I 
go to him and say : “ Now, doggie, I am going to teach you 
somtthing, so that you will understand the ways of this 
environment into which you have entered. Then when you 
know all that I am going to tell you, you will be a good dog- 
gie, and know how to go about without getting hurt.” And 
so I start : “ Many years ago there was a clever man called 
Michael Faraday ; and he found that when he wound pieces 
of iron with wire and passed currents through the wire, such 
and such things happened. And then he moved the pieces 
of iron about in the vicinity of other wires and certain other 
things happened” — and so I go on and describe all the dis- 
coveries of Faraday. Then I tell the dog that after Fara- 
day had found out all these things, there arose a great mathe- 
matician called Clerk Maxwell, and I proceed to expoimd 
to him the mathematics of Maxwell’s electrodynamic dis- 
coveries. I go on to describe all the subsequent develop- 
ments leading up to the design of the modern dynamo, 
motor, transformer, and so forth. When I have finished I 
say : “ Now, doggie, if you carefully study all that I have told 
you, you will know just what to do and what not to do in 
order to be a good doggie and avoid getting hurt when you 
go into that power house.” And, I need hardly tell you that 
all of my efforts will be entirely useless to the dog. He will 
be absolutely no better off than he was before I had said 
anything. On the other hand, if I tell him that that power 
house is a peculiar kind of a cat which scratches in certain 
ways, I think that I shall appeal to his mental experience 
in such a manner as to enable him to formulate some sort of 
rules of behavior which will serve him in good stead. The 
dog is good at thinking of cats. He knows the ways of many 
kinds of cats and while the power house differs from all the 
cats he has known before, he will probably get further as 
regards his practical needs by thinking of its properties in 
terms of the attributes of cats than in attempting to study 
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electrodynamics. And so, you will see that in this parable 
the dog is ourselves, and the experiences of the power house 
are those experiences which at present, at any rate, lie beyond 
the range of correlation in terms of our more familiar experi- 
ences. They are those experiences which we class under the 
head of theological phenomena, occult phenomena, and dis- 
cussions as to what may lie behind the hypotheses which 
are the starting points for science as we know it. 

Apart from all the foregoing, however, and without com- 
mitting ourselves one way or the other as to the origin of the 
words of the Scriptures, I cannot but feel that there exists 
much dissension for which there is no need. Suppose, for 
example, we take as it stands the simple statements that 
“The earth was without form, and void; and darloiess was 
upon the face of the deep”; and “God said. Let there be 
light : and there was light.” Now, I suppose that the most 
dogmatic interpretation of this statement would be to the 
effect that nothing more was necessary than the mere com- 
mand that light should be produced and light came forth. 
Yet, if this were all, how much less dignified a procedure 
would have been adopted than the one which represents 
the physicist’s view of the matter. If the physicist should 
have attributed the imiverse to a Deity, his mind would not 
have been content by the Deity’s just turning on some switch 
which illuminated the heavens. He would see the process 
taking place in some such way as this: he would see the 
universe “without form and void,” and he would see the 
Deity setting out to bring order into it. He would see Him 
formulating laws of nature by which the dead ether would 
congregate into atoms and molecules, but these atoms and 
molecules would not be an end in themselves. He would 
see provided for in their structure a system of possible states, 
such that by passing from one to the other, light would be 
emitted. The same general mechanism which provided for 
this would also operate in another way to provide for chemi- 
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cal affinity. He would see forces provided for between them, 
so that by their gravitational attraction, they could come 
together, as the atoms of the sxm come together, and gene- 
rate the conditions necessary for the production of this light. 
He would see the statement, “and God said let there be 
light, and there was light,” magnified into a realization of 
tremendous power, beauty, and significance. He would see 
the universe grow as the result of a great planning, a plan- 
ning far more dignified than that involved in any mere con- 
juring trick. And yet, should the whole story have been 
written for the world, several thousand years ago, nobody 
would have understood what it was all about. Even today, 
some of its chapters would be comprehended with great 
difficulty. And yet, the whole story itself hangs together 
under the statement, “And God said let there be light, and 
there was light.” All that would be questionable about that 
statement would be its incompleteness. I have already said 
that the beauty of this structure remains to us, even though 
we should question its actual creation by some Being like our- 
selves. But the point which I now wish to make is this, that 
if one does desire to invoke the intervention of a Deity, then 
he can consistently, to a large extent, with the actual written 
word, invoke it in a form far more dignified, beautiful, and 
powerful in its significance than would be implied in the usual 
superficial view of the situation. Let anyone think of a uni- 
verse as complex as our own, with that extraordinary clever- , 
ness and beauty of design which we observe. Let him think 
of the problem before him in trying to say something about 
it to relatively simple-minded people. He will have to give 
merely an abstract of the whole story. He will have to give 
that abstract in very popular form ; he will have to use 
analogies and the like. But you may say that it is undigni- 
fied to put the truth in the light of analogies, and will claim 
that that which is written should necessarily be the literal 
truth. Alas ! What do we mean by the literal truth ? I 
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will venture to say that there is hardly anything which you 
can describe to me in which you do not unconsciously use 
analogies. You who are chemists, when you discuss the 
valencies of your compounds, draw bonds projecting from 
them, and in terms of these you discuss their power of com- 
bining with each other. Of course, you believe that in nature 
there is something to correspond to these bonds, but you do 
not believe that they are chalk lines ; and, indeed, chalk lines 
would have no properties for that purpose. One of the whole 
lines of procedure in theoretical physics, in an endeavor to 
xmderstand atomic processes and the like, has been to build 
models of something which we can visualize and which dupli- 
cates the properties of the vmseen entities of nature which we 
wish to discuss. Then we do our thhiking in terms of these 
models. Those of us who are sophisticated enough never 
' imply a belief that those models represent what we may 
^ ' call an actual picture of the atom. As a matter of fact, the 
' models have changed very materially from time to time. 
Yet, many of us will use quite knowingly an obsolete model 
for the purpose of discussing certain phenomena, because 
! ! we know that that model has the properties of the atom suit- 
! able for the particular phenomena concerned, and is a much 
: 1 simpler model in terms of which to discuss these phenomena 
? than the more modern and possibly more complex one. One 
; must guard against a supposed impregnable reality in many 
:* of the things which seem so obviously real to our conscious- 
, n ; ness. When I give a lecture my audience is probably under 
d!' a complete misapprehension as to how I arrived at the lec- 
i I ; ' ture hall. They probably think of this three-dimensional 
being as describing a perfectly definite path in an automo- 
' ' bile to the hall. But this picture is very incomplete ; for, 
, , in the language of the theory of relativity, I must tell you 
that I go along a geodesic in a four-dimensional, non-Eu- 
:;;|,clidean continuum. In spite of the fact that the members 
■ 1 1 of my audience misrepresent to themselves the details pre- 
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ceding my arrival, they nevertheless misrepresent them to a 
useful end, for, after all, they do find themselves present 

with me and it does not matter very much what they thought 

as to how I got there. It does not matter very much what 
we think as to the nature of our atomic models, and the like, 
so long as the things which are predicted by them are found 
to be true in nature. And so I venture to think that in any 
set of theological dogmas, the ultimate intention is to pro- 
duce in the believer a certain state of mind, a certain reac- 
tion as to what is the good and evil of that system of belief, 
and the procedure by which this is brought about is, to some 
extent, irrelevant. I do not think that the procedure should 
necessarily be the same for all people. A little while ago, I 
referred to the old lady who had lived her whole life in the 
country and who had her definite concept of a Deity. By 
thinking of that kindly old Gentleman, she was probably 
persuaded to be kind to her neighbor and to get satisfaction 
out of it. Let us collect all of the things which your faith 
would teach you that individuals should do under any given 
circumstances, map out the whole scheme of actions and 
reaction to them. Many of these matters will be entirely 
incomprehensible to the old lady in the country, but some 
of them will be intelligible to her; and they will probably 
be those which fall within the immediate reahn of her limited 
experience. When she is in doubt as to what to do, she will 
appeal to that Personality which she has envisioned in her • 
mind, and to which she has attached the supposed attributes 
of the Creator. She will imagine what He would advise 
under the circumstances, and will try to do likewise. I think 
the image of that kindly old Gentleman has been of value to 
her, and I for one would not attempt to rob her of it. 

I would regard these various symbols of faith as means of 
crystallizing in the followers of those faiths the definiteness 
of their actions under assigned sets of circumstances. Pro- , 
vided that they serve this purpose, they serve a useful pur- 
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pose. The only quarrel that I would have would be in the 
matter of intolerance. If friends of the old lady wish to 
bum me at the stake for questioning the whiteness of the 
beard, then I start to object. 

j If I am told that Christ is a Deity, I do not know that I 

' am very much impressed unless I should have defined to me 

\ precisely what that statement implied. On the other hand, 

I if I read the Sermon on the Mount, I am tremendously im- 

I pressed, and if I read the rest of the philosophy of Him who 

I wrote that, I realize that I am reading the word of Someone 

jj who is of a different order of magnitude of intelligence and 

I insight from that of His fellows. I think I have the same 

i kind of respect for Him that the fundamentalist has for God, 

j in fact, I do not know that we are thinking very differently 

i about Him. Those things which might be taken as super- 

' ficial evidence of the difference between the natural and 

'I supernatural seem relatively undignified performances com- 

pared with those things in which the individual in question 
' transcends in their own field, in ability and philosophy, the 

ability and philosophy of his contemporaries. 

; The essential thing which really matters is the philosophy 

of the faith concerned, and the object of the faith is to insure 
H that its followers shall act in certain ways in relation to 

their fellows and their environment in general. The par- 
ticular pictures which one forms as an aid toward the appli- 
' cation of that philosophy are more or less irrelevant, and 
the pictures which are best for one person are not best for 
the other. There is but little content in the question which 
one may raise as to which picture represents reality, for 
reality is one of the most illusive concepts in all philosophy. 
The picture of reality in any mind is but a tinselled object, 
ready to be shattered and formed into something else at 
each varying stage of sophistication of its owner. 

And so, again, I would urge that the differences of opinion 
between what I may term fxmdamentalists and the man of 





Science and Theology 


409 


science concern to a great extent matters which are irrele- 
vant in connection with the essential questions which are at 
issue. Our men of science form pictures of atoms and 
molecules and whatnot, in terms of which they do their 
thinking, and in terms of which they control their actions in 
the laboratory to the most efficient utilization of their efforts. 
In the spiritual field, again we have means of coordinating 
our thoughts and our activities. Many do this in terms of 
a system of ideals, which they associate with the decree of a 
Deity. The kind of picture which is most serviceable to one 
is different from that which is most serviceable to another. 
If one raises the question of the reality of such a Deity, I 
suppose I may say that He is in a sense as real to the person 
who adopts Him as a means of controllmg his actions as the 
atom is real to the physicist. A sufficiently sophisticated 
view of the universe is apt to produce a condition of mind 
in which all reality, both in the physical and spiritual world, 
vanishes into shadows. The very word loses everything of 
significant value. If you ask me whether I myself exist in 
reality, I hardly know what the question means. If I think 
of some model of the atom, in terms of which I can predict a 
whole variety of observable phenomena, then, in a sense, 
I may say that that atom is real to me and exists in nature. 
If somebody else succeeds in thinking of another kind of 
atom which will perform the same functions as regards 
correlations of the observable things in nature, that particu- 
lar atom to him is just as real as the other is to me.* And 
there is no meaning to the question of which exists in abso- 
lute reality. You may think that if we could only see these 
atoms, the matter would be settled; but, I have pointed 
out to you that the process of seeing is a very illusory busi- 
ness. You will recall that you see me upside down, twice 
over, etc. The thing which I wish to emphasize is not that 
there is something that we do not know. The situation is 
not necessarily one where, if we only knew more, we could 
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say which atom is real and which is unreal. They may 
both be real. You see when I talk in a sufficiently sophisti- 
cated way even about the material things of my own science, 
I start to use the word “reality” with a vagueness as great 
as that with which I would use it when speaking of the 
Deity. And if you would say that I offend in thus using it 
in connection with the Deity, then I offend also in every 
sense in which I use it in the everyday discussion of my 
scientific problems. Those thmgs which we think about 
in the physical world constitute hypotheses which we use 
for the correlation of our ideas. They are real to us if they 
correlate those matters satisfactorily. And so in the case 
of the spiritual universe, or of the material universe, for that 
matter, there are certain things which I wish to correlate. 
One of them is the fact that the universe is what I have called 
“of intelligent design.” I can include all of those features 
by the postulate that it was made by a Being whom I would 
expect to make a thing in such and such a way. The reality 
of that Being then becomes as illusory as the reality of my 
atom. The old lady in the country wishes to correlate the 
various activities of her life in relation to her fellows. She 
correlates them in terms of the supposed wishes and actions 
of a certain Being. That Being to her is absolutely real, 
and if you have a suspicion that, in a subtle kind of way, I 
am denying Him some reality which you think He ought 
to have, then, at least, I will tell you that I deny reality to 
everything else in the universe in the same way. 

A word may here be said as to the place of what we may, 
in general, term occult phenomena in relation to scientific 
thought. For my own part, I would see no inconsistencies 
in nature were such phenomena to be demonstrated as exist- 
ing; and, for the belief in them simply await some ex- 
perimental evidence such as to satisfy the usual criteria 
demanded by a scientific man, i.e., the criteria of reproduci- 
bility, etc. Some might be inclined to deny the possibility 
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of such phenomena on the basis that they were inconsistent 
with our present scientific knowledge. Concerning such a 
criticism, I should be extremely skeptical. The situation 
is this : In our attempt to form an understanding of such a 
subject, let us say, as gravitation, we start with certain hy- 
potheses which, if they are good hypotheses, are chosen 
from the facts themselves; and, on the basis of these, we 
develop a system of law in which all of the facts of nature 
associated with that particular field find an expression. 
Then we take some other realm of science, such as elec- 
tricity, and do the same thing for it. Then, possibly, we 
seek some wider harmonization of the facts, in which both 
gravitation and electricity are included under one grander 
scheme. It very often happens that when we make 
such a generalization, the generalized theory takes a form 
different from each of those which has been found satis- 
factory for the separate fields. It is as though you had 
been accustomed to talk about Japanese politics in the 
Japanese language, French politics in the French lan- 
guage, and, when you came to talk about world politics, 
you found that neither of these languages was suitable, and 
invented some other kind of language, different from either 
of them, which was capable of harmonizing the politics of 
all of the nations. There is not necessarily any inconsist- 
ency between these three languages, in spite of the fact 
that they are so different. And yet, the language applicable 
to the French politics would, if used in connection* with 
Japanese politics, involve absolute contradictions. Sup- 
pose that I should write a textbook on economics as appli- 
cable to the French nation. There might be certain laws 
and criteria which were perfectly specific, both as regards 
what should happen and what should not happen. Then, 
if I should write one for the Japanese nation, there would 
be apparently another set of laws which were equally specific 
as to what could and what could not happen. It might be 
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that if I used the Japanese textbook for the French nation, 
it would be all wrong, and vice versa. Nevertheless, it . 
ought to be possible to write a book on economics for the 
whole world, of which the Japanese nation and the French 
nation would form a part. It might be a very complicated 
treatise, so complicated in fact, that it would be difficult 
to recognize the original statement of the French laws or 
the Japanese laws in it. Everything would take a different 
form of expression. We might not be able to express the 
laws for Japan in terms of fundamental actions of a presi- 
dent of the republic, because there isn’t any president and ' 
there isn’t any republic in Japan. It might be that when we 
were talking of France, the expressions of the law involved 
some very detailed accounts of dependence upon certain 
actions of the Chamber of Deputies. On the other hand, 
there is no Chamber of Deputies in Japan, and so there is 
no meaning to the laws expressed in that form. Yet, it is 
obviously possible to talk in terms of some more generalized 
centers of control which have their counterpart in one form 
in Japan and in another form in France. And so in physics 
and science in general, while the ultimate aim of the theo- 
retical investigator, at any rate as an ideal, is to harmonize 
all the laws of nature under one scheme of laws, m practice 
he harmonizes a certain limited region of nature. If he 
extends that harmonization to another region which is closely 
allied to that region, the language of the wider harmoniza- 
tion is not very different from that of the more limited. If, 
however, he endeavors to include a region which is far remote 
in its phenomena from the original one concerned, it may 
be that the language of his theories has to assume an entirely 
different form — a form so different that it would seem very 
abstract to one who attempted to talk in terms of it, in either 
of the respective fields which it covered. It might be much 
better and much simpler to talk in one field in a language 
peculiar to that field and in another field in a language 
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peculiar to that one, even though in so doing one might 
appear to involve inconsistencies in the language. Thus, 
take again the case of gravitation, for example. The New- 
tonian law tells us that every planet attracts every other 
planet with a force inversely proportional to the square of 
the distance. On the other hand, we know from our knowl- 
edge of electricity that this force must be modified by a 
slight repulsion in the case of two planets which happen to 
be charged in the same way. Now, we have reason to be- 
lieve that the planets are slightly charged. Yet, the magni- 
tude of this effect is so small m the case of gravitational in- 
fluences, that we never have been able to discover any effects 
due to it. We are justified, in the field of gravitation, in 
ignoring it completely, but we must be very careful that, 
in so doing, we do not say that it would be inconsistent with 
gravitation for two bodies to repel each other, because we 
know very well that if we charge two bodies in the laboratory 
in like manner — and we can do that — we can make them 
repel each other to an extent which masks completely their 
gravitational attraction. In other words, in the field of 
astronomy the gravitational phenomena completely mask 
the electrical, whereas in the laboratory the electrical phe- 
nomena completely mask the gravitational, yet both of 
them are present in each case. If we confined ourselves 
entirely to astronomy, we might say that all bodies attract, 
and we should be, to all intents and purposes, right. If we 
confined ourselves to a certain class of electrical experiments, 
we might say that all bodies repel, and again we should be 
right to all intents and purposes. Nevertheless, the two 
statements appear to be contradictory. However, har- 
mony would be brought into play between them when we 
included the gravitational and the electrical phenomena in 
both, even though one was negligible in one case and the 
other, in the other. It is for such reasons that I personally 
feel inclined to adopt a very sympathetic attitude towards 
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phenomena which lie outside of the realm of my own partic- 
ular subject, and sometimes I think one may be advanta- 
geously guided by his own intuitions and feelings in a matfner 
which would be rather foreign to his ordinary way of pro- 
ceedmg in the case of a physical problem. If I consider a 
musical composition and proceed to interpret it or analyze 
it in what seems the proper way, I adopt criteria and pro- 
cedures entirely different from those which I should adopt 
in a physical problem. In some realms of endeavor, and 
particularly in the scientific field, the abstract scientific 
method of procedure is a much more perfect tool for the 
analysis and correlation of that which has to be analyzed 
and correlated than would be our simple intuitions. It 
really constitutes, in large part, a crystallization of those 
intuitions into exact form. In other fields, however, which 
are concerned more particularly with our own emotional 
nature, the summation of our experiences, which consti- 
tutes a large part of intuition, may be a more powerful guide 
to us than what the science of the physical world can tell us, 
at least until we have developed the scientific method of 
reasoning to apply to those fields. Such things as faith in 
the existence of a hereafter, and of other things foreign to 
science at its present stage of development are representa- 
tive of a vaguely formed thought structure in the brain seek- 
ing to piece together into a consistent whole the scattered 
fragments of fact which, like meteors from the sky, have 
fallen to us from a realm outside of the realm of our own 
experience. 

It must be remarked, however, that the formal inclusion of 
some of the more characteristic elements, even of theological 
doctrine, in the language of physics, would present to the 
physicist a problem of less complexity than that which he 
has already encountered in Ms own realm, in atomic struc- 
ture for example. I may take as an example the provision, 
in theoretical physics, for another state of existence. It is a 
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relatively simple matter, without departing drastically from 
our customary methods of physical thought, to see how 
there could exist two universes, or for that matter an infinite 
number of universes, absolutely independent of one another, 
each populated by beings who occupied the same space,* 
but who were absolutely unconscious of all universes but 
their own, and of all beings who occupied universes other 
than their own. The mathematical physicist will realize 
that all that is necessary for the existence of two universes 
of the kind in question is that each shall be specified by a 
set of quantities (vectors, scalars, etc.) and equations in 
such a way that none of the vectors or scalars occurring in 
one set are to be found in the other. Such a situation 
would result in each of the two universes being absolutely 
independent as regards all phenomena occurring in them, 
and would carry with it, as a logical consequence, the abso- 
lute lack of consciousness of the beings in one as regards 
the activities which occurred in the other. Again, the 
mathematical physicist will see how, starting with this 
complete independence, the scheme could be modified so as 
to invoke linkages between the two to any degree, by the 
inclusion in the equation, of quantities common to the two 
systems. It is even possible to provide mathematically for 
a meaning to the passage of a being from one universe to 
the other in such fashion that in the old state he was quite 
unconscious of the state to come, and in the new state he 
was quite unconscious of the state from which he had de- 
parted. In case the layman does not know what I am 
talking about, it may suffice to say that I am pointing out 
that mathematical physics presents no fundamental obstacle 
to his going to heaven. 

* In using the term “the same space,” I here transcend the limits of exact logical 
expression; for, in the last analysis, the “sameness of the space would haA*e no 
meaning for the case cited. I retain the designation as oiie causing no difiiculty 
to the technically trained reader because he will realize the significance of the re- 
mark, and no difficulty tothela3nnan becanse thestatement itself has no obviously 
subtle features to cause Mm any difficulty. 
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In weighing the significance of physical laws, another 
element must not be lost sight of. If some one should make 
the assertion that whenever Jupiter and Mars were in con- 
junction with the moon on the wane, there would be an 
increase in t3^hoid fever, he would probably be dubbed a 
lunatic ; for, the laws of nature seem to suggest no reason 
for such a state of affairs. Let us, however, pause a moment 
in our contention as to what the laws of nature have to say 
about the matter. Even if I confine myself to the most 
cold-blooded view, that the laws of nature can be expressed 
in a form which predicts past and future from the present, I 
must nevertheless admit that the universe in which I live is 
only one of many possibilities consistent with those laws, 
just as the solar system is only one of an infinite variety of 
systems possible under the law of gravitation. Any par- 
ticular system has properties inherent in itself and which, 
while not inconsistent with the general laws, are not deduci- 
ble from them. These characteristics provide, for the sys- 
tem, regularities of their own, regularities which are the 
natural consequences of the development of the particular 
system under discussion, through the operation of the gen- 
eral laws of nature. Now given any system and a set of 
laws to govern its subsequent developments, some regulari- 
ties of this kind will develop. It is highly improbable that 
any particular regularity which you happen to have thought 
of at random will evolve. It is highly xmlikely that there 
will evolve the particular regularity which I cited to the 
effect that typhoid fever is increased when Jupiter and Mars 
are in conjunction with the moon on the wane ; but, it is 
highly probable that some regularities develop. It may be 
a matter of enormous complexity and impossible of per- 
formance to account for such regularities as appear by trac- 
ing them back in such a manner as to reveal their origin 'in 
the normal developments of some system which was specified 
initially without regard to them. They will thus stand out 
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to' the observer as rather remarkable phenomena, phenomena 
for which at first sight he sees no reason, since they have no 
place in the general scheme of laws which he believes to be 
governing the phenomena. Masquerading as independent 
laws, they may seem quite out of place, and even suggest 
at superficial glance, inconsistency ■with the laws already 
recognized. 

I recall that, in my boyhood days, every morning when on 
my way to school, I used to meet a little man in a silk hat 
and frock coat. I always met him at the same place. He 
was always smoking a cigarette; and, invariably at the 
instant when I met him that cigarette was burned almost to 
the limit where only a few more puffs would be possible 
without burning his lips. In this case, the “explanation” 
was of course simple. We both started off from our respec- 
tive homes every morning with corresponding regularity, 
and therefore met at the same spot. The little man prob- 
ably lighted the cigarette on leaving his house, and smoked 
and walked at constant rates, so that the cigarette was just 
about to bum his lips when we met every morning. Had 
these procedures leading to this consequence been more in- 
volved, however, and had they rami&ed back into the remote 
past, it is quite possible that the explanation of the phenom- 
ena might have been anything but obvious to the onlooker. 
The fact would have remained that when I passed him the 
little man always presented the appearance of puckering . 
his lips to avoid getting burnt and of shrivelling up his nose 
to avoid consuming too much smoke ; and, it is quite possi- 
ble that the onlooker would have attributed the responsi- 
bility for these phenomena to me, particularly as I would 
always have been present when they happened. In fact, 
if the onlooker had said that the little man suffered these 
discomforts whenever I passed him, he would have been 
quite correct. It would only be when he attributed them 
to me that we should have felt inclined to laugh at him. I 
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do not know that we ought to have laughed at him, ho-w- 
ever ; for, if it had turned out that I was always associated 
in a definable way with the phenomena in question, there 
would have been as much ultimate logical reason for attribut- 
ing them to me as to anything else. For, as is the case with 
many other things, there is not necessarily a unique signifi- 
cance to cause and effect. All depends upon the way in 
which one has ordered in his mind the relationship of the 
various phenomena which happen. The point which I 
wish to make is this : It would be useless to deny the actually 
existing relationship between my acts and those of the little 
man with the cigarette if experiment actually revealed the 
existence of such a relationship. However, an attempt to 
relate them by a law scheme on their own account, and a 
scheme which did not openly acknowledge subservience to 
the fundamental laws already accepted might involve an 
apparent contradiction to those laws. The contradiction 
would only be apparent, however, and to use it as a basis 
for denying the facts, if they existed, would be to put our- 
selves into the category of the philosophers of mediaeval 
times who refused to admit Galileo’s discovery of the satel- 
lites of Jupiter because in terms of the theories of the day 
there could be no more than seven planetary bodies. 

When the physicist seeks to correlate certain facts through 
the agency of a theory, the theory forms as we have seen, a 
• richer frame work of phenomena of which the facts in ques- 
tion foHn a part. If the theory predicts any phenomena 
which observation shows to be absent, the theory must of 
course be modified; but, occasionally the theory predicts, 
as by-products, conclusions which by their very nature are 
not directly observable, and which must therefore lack, 
possibly for ever, what the la3mian regards as direct verifi- 
cation. Sometimes these by-products of the theories in- 
volve magnitudes of very startling amoimt. Thus, the 
theories concerned with astronomy lead to the conclusion 
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that the interiors of the stars have enonnous densities and 
teinperatures ; and it is unlikely that we shall ever observe 
these densities and temperatures directly. These densities 
and temperatures are arrived at by the sort of argument 
which says that, although we cannot observe directly the 
densities and temperatures concerned, they must be of such 
and such magnitudes, as otherwise what we do observe in 
other connections could not be accounted for. We arrive at 
these densities and temperatures by a sort of circumstantial 
evidence. Frequently the layman becomes alarmed when 
he has quoted to him such magnitudes as circumstantial 
evidence gives to certain quantities m astronomy, or in 
atomic structure. He is apt to regard the conclusions 
of the astronomer or of the physicist in these matters as 
highly fantastic. “How do you know” says he, “ that such 
and such can be true? ” He asks whether it is not possible 
that some other solution can be foimd, and a solution which 
clashes less drastically with his feelings as to how the uni- 
verse ought to be run. Very often it is possible, but at the 
cost of a complexity of procedure which to the physicist 
would endow the resulting structure with a degree of artifi- 
ciality far greater than before, and make it look like a Gold- 
berg cartoon of nature. Moreover, the physicist may not 
be particularly impressed with the reasons that the layman 
has for disliking his theory. He sees in the layman’s labors 
to avoid what he thinks is fantastic a recurrence of the at- • 
titude of mind of the astronomers of old who spent much 
useless labor in trying to picture the orbits of the planets as 
circles or as curves compounded out of circles simply be- 
cause they had become accustomed to a slogan to the effect 
that the “circle is the perfection of synametry.” As a 
matter of fact the physicist does not hanker after complexity. 
Simplicity is always his ideal, but simplicity unaccompanied 
by vagueness. 

If I come across a man lying dead with a gash in his head 
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near which I see a sharp stone, and if I see a piece of banana 
peel lymg in the immediate vicinity, I conclude that the 
simplest solution of the matter is the supposition that the 
man slipped on the banana skin and fell so that his head was 
cut by the stone. I cannot be certain that he did not meet 
his death in another way. He may have been hit on the 
head with the stone by an enemy, who subsequently went 
off and bought a banana which he proceeded to devour in 
celebration of his crime, finally throwing the piece of banana 
peel on the ground and walking off. In the absence of any 
further facts, I cannot be certain as to which of these alter- 
natives happened, or, in fact, as to whether he may not have 
met his death in a still more complicated manner. I shall 
probably think of the catastrophe in terms of the simpler 
explanation ; and, in this I shall run no danger of error so 
long as my theory is confined to the correlation of the known 
facts. Only when I draw upon it to predict other phenomena 
capable of test by experiment shall I have to decide between 
my simple explanation of the situation and others which may 
be possible. And so, in spite of appearances to the contrary 
in the cases of physical theories of great complexity or in the 
case of theories involving magnitudes whose largeness or 
smaHness is astounding to the la3mian, the physicist really 
seeks in his theories, the maximum simplicity consistent 
with conformity with all the facts as he knows them. 

In all theories and speculations, we must not forget that 
the mind forms part of the universe about which it itself is 
thinking ; and, this fact in itself may limit considerably its 
power to embrace in its thought the content of that universe. 
In some respects, the mind in its relations with its surround- 
ings is like a special type of machine tr3dng to respond to 
machines of other t3ipe. Consider, for example, a radio set. 
It is sensitive to electrical influences, but there are many 
things to which it is not sensitive. It is not sensitive directly 
to sound to any appreciable extent, but only to sound which 




Science and Theology 


Kasteen t®" “t s“ 0“^ 

tSt S iB ‘it 

• _ rler»ressed by its surroundings. It can, as it 

«Snk” Soufone fed of thing, electrical influences_ 

were, u is astounding that the bram, being, as it 

In some wa^, „( ^ything new. 

IS, a part of the umv u v.css rpdiilted from its experi- 

Everyflung whtt 8*^“^ 5 n,p*ed that, as it 

ences m the past. One T , its storage 

finds new experiences, it can ^ .^g tentacles of dis- 

■ of thoughts ; Lown facts and develop the idea 

covery beyond the alreaay ^o ^ ^ 

that other things, as yet in a radio. If 

nature? A crude para e ^ thing but pure notes, 

I sing into the radio teansm g^g the coun- 

you might think that the ra lo . ’» conscious” of any- 

Terpart of abrain, 

thing but pure tones. ^ distortion, and the 

shall produce m the „ I overtones with the 

radio itself will generate sorts 

resulting generation o ^ ^ j experience in itself, 

the “radio brain” Sunterpart in the 

an experience ^ is’possible to produce by ex- 

tot -ucius sUd whose e«te.ce has become _ 

suggested to the ’^^dio- one hand as a 

And so, may we not thmk of e 

system by itself with of thinking is that of 

forming another sys em between these two systems, 

setting up some as means of correlating 

Theories and pictures are very lifeless forms 

s sisr-s 


422 The Architecture of the Universe 


intuitively the relations between the different consequences 
of the theory with a rapidity far greater than wouW be 
possible by strictly logical procedure. We all know how, 
in attempting to absorb a new set of ideas we are apt to get 
into a state of mind in which, while we cannot dispute any 
of the arguments presented, we seem to lack that conviction 
which constitutes for us the basis of understanding. Then, 
six months later, and without any further conscious study, 
the whole matter becomes clear and natural. I like to think 
of the facts and relationships of the external world as analo- 
gous to a landscape containing cities, joined by a web of 
roads, railways, and so forth. The brain grows a sort of 
picture of this picture. In the first stage to which I have 
alluded, the stage in which the brain has recorded the facts 
but has not grasped their connection, it has but laid down 
that structure which is to correspond to the cities of the 
external picture. During the six months’ interval of its 
development, the brain grows its own web of railroads and 
highways between these cities. The web is patchy at first, 
but gradually assumes form until finally, and possibly with 
suddenness, it crystallizes into a complete structure. It is 
this structure which forms the basis of our understanding of 
the relationships between the cities. The avenues and high- 
ways in the brain may not be the exact counterparts of those 
of the external picture, but they will of necessity have strong 
. resemblances to them. If many of the highways in the 
brain cross at some place in such a way as to suggest the 
counterpart of a city at that place whereas no city was con- 
sciously provided for in our original brain mapping, it may 
be well to examine the external picture to see whether there 
was not really a city there which had been missed and which 
would have corresponded to the city which the brain has sug- 
gested. If such a city is found in the external picture the 
structure in the brain has served a useful purpose in guiding 
us to smell out a new truth of nature, which otherwise we 
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might have missed. If the city is not found, the brain will 
become dissatisfied with its web of highways, and will alter it 
so as to harmonize more truly with the facts. As our knowl- 
edge of the external world grows, the web whidi harmonizes 
it in the brain alters its form so as to embrace continually 
the ever widening picture. The web itself is a more or less 
arbitrary structure peculiar to the brain. It is a sort of 
parable of nature and it is subject only to the restraint that 
it must connect properly those elements in the brain which 
are the counterparts of the facts of nature. The web is the 
brain’s theory of the universe. There may be many webs 
which can serve equally well in this category. There may bo 
many theories which cover the same range of facts, 'hhe 
elegance of form of the web at any stage of development is 
symbolic to the physicist of the beauty of the correlation 
with the facts of nature. It is symbolic of the strength evith 
which the theory strikes his consciousness, but the criteria 
which determine his gauge of beauty vary from time to time. 

It is a somewhat satisfying fact that as knowledge progresses 
the modes of thought in the arts and in the sciences seem to 
approach each other. No longer in physics are we satisfied 
with a picture of angels carrying the planets around the sun. 

No longer do we hope to push the explanation of things 
back to some fundamental causes which of themselves need 
no explanation. Rather does the man of science today st.*ek 
satisfaction in the expression of nature’s laws in a beautiful . 
and harmonious form. There is no one theory which is 
right to the exclusion of all others. The better theory is 
the more beautiful theory. In a sense, science beccmies an 
art ; and, in so doing, it loses none of that power character- 
istic of the spirit of the scientific method, but rather does it 
gain in that power, since no longer is there left anything in 
the way of preconceived mechanisms to hinder its theories 
in seeking accord with the facts. And so, in a sense, the man ^ 
of science and the artist become one. If we should consult 
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some great potentate of wisdom concerning the question, 
“What is art?”, I can imagine his answering thus: “There 
is one great work of art ; it is the universe. Ye men of 
letters find the imprints of its majesty in your sense of the 
beauty of words. Ye men of song find it m the harmony of 
sweet sounds. Ye painters feel it in the design of beaute- 
ous forms, and in the blending of rich soft colors do your 
souls mount on high to bask in the brilliance of nature’s 
sunshine. Ye lovers are conscious of its beauties in forms 
ye can but ill define. Ye men of science find it in the rich 
harmonies of nature’s mathematical design. And so, dear 
mortals, if ye should pray for anything, pray that ye may 
find senses to which all nature’s beauties bring response, 
for then shall ye be as angels, and heaven shall be your 
habitation.” 
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and Newton’s law, 318; analogy, 350 

Hamilton, Sir W., 151 

Heat, 189. See also Thermodynamics 
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of radium, 67 ; of uranium, 68 
Rare phenomena, 54, 230 
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ficiality, 126, 146; of Deity, 409 
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309 ; approximate equivalence of 
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phenomena, 246 ; statistical theory of, 
with analogy, 215 

Thomson, Sir J. J., 32, 40, 68 
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241 ; mind in relation to, 420 
Utilitarianism in science, 15, 34 

Vacua, 35 
Van de Graafi, 96 

Velocity, abstractness of, 134 *, of aether, 
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Walton, E. T. S., 96 
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